








VOLUME XXV April 1955. NUMBER 4 


: 
; 
; 








Editorial Office: 10 East 40TH Street, New York 16, N. Y. 





TEXTILE RESEARCH 
JOURNAL 


VoL. XXV, No. 4 ApriL 1955 


IN THIS ISSUE 


STATIC ELECTRIFICATION OF FILAMENTS: EXPERIMENTAL TECH- 
NIQUES AND RESULTS. S. P. Hersh and D. J. Montgomery 


AIR PERMEABILITY ad PARACHUTE nearness M. J. oom, H. W. 
S. LaVier, and C. D. Brown ‘ 


AMINO ACID COMPOSITION OF NORMAL WOOLS, WOOL FRAC- 
TIONS, MOHAIR, FEATHER, AND FEATHER FRACTIONS. W. H. 
Ward, C. H. Binkley, and N. S. Snell 


THE IMPROVEMENT OF LUSTER OF COTTON. Part XI: DYES AND 
LUSTER. Lyman Fourt, H. J. Elliott, and Pauline Streicher ‘ 


THE REACTION OF COTTON WITH B-PROPIOLACTONE IN THE 
PRESENCE OF ALKALI. Come C. Daul, Robert M. Reinhardt, and 
J. David Reid .. ‘ 


THE AMINO ACID COMPOSITIONS OF SEVERAL WOOL. FRACTIONS 
AS DETERMINED BY PAPER CHROMATOGRAPHY. R. L. Golden, 
J. C. Whitwell, and E. H. Mercer ‘ 


THE INFLUENCE OF ELECTRODE POTENTIALS ON THE EXTENT 
OF REDUCTION OF CYSTINE IN HAIR FIBERS BY oe 
AGENTS. Herman E. Jass and Leonard S. Fosdick 


Letters to the Editor 


DIFFERENTIAL DYEING AS AN INDICATOR OF BILATERAL STRUC- 
5 Gee IN WOOL: NEW FINDINGS. ima H. —— and Arthur 
oe ; 


NOTE ON THE EFFECT OF NONUNIFORMITY ‘OF THE CROSS-SEC- 
TIONAL AREA UPON THE TENSILE oe - — 
FIBERS. E. C. Banky and S. B. Slen 

WEAVABILITY agua 

Louis Love. 


D. Brunnschweiler 


Industrial Section 
THE np epeamaaaid ~ THE DRAG big 3 adie FIBERS. H. A. 
Mereness raha - aie he 
GORDON RESEARCH CONFERENCE 
BOOK REVIEWS 


Editor: Julian S. Jacobs Production Editor: Hilda Taft 


Associate Editors 
W. J. Hamburger 
Milton Harris 

K. L. Hertel 


H. J. Ball 
Earl E. Berkley 
Henry Eyring 


Harold P. Lundgren 
H. Mark 
E. R. Schwarz 


TeExTILE RESEARCH JOURNAL, published monthly at Prince 
and Lemon Streets, Lancaster, Pa., is devoted to the 
interest of research in textile and allied industries. It 
is published by Textile Research Institute. 


Entered as second-class matter, April 27, 1945, at the post 
office at Lancaster, Pa., under the Act of August 24, 
1912. Accepted for mailing at special rate of postage 
provided for in paragraph (d-2), Section 34.40, P. L. 
& R. of 1948, authorized May 9, 1950. 


Manuscripts and communications should be sent to the edi- 
torial office, 10 East 40th Street, New York 16, N. Y. 


Subscription rates: $15.00 per year; additional for postage, 
50 cents to Canada, $1.00 to all other countries. Single 
copies, $1.50 each. 


Contents copyrighted 1955 by Textile Research Institute. 
Advertising rates supplied on request. 





_ RESEARCH ENGINEER 


BS in Physics, Mechanical or Textile 
Engineering or graduate from recog- 
nized textile school. 

To assist in planning and directing ex- 
periments for the evaluation of new 


GURLEY TEXTILE TESTS: # STANDARDS 
d FOR THE INDUSTRY 


CUS CHP ae TS 
f 


1. GURLEY AIR PERMEABILITY Y TEST i 
FOR STANDARD TEXTILES ' 


New Model Gurley Permeometer takes only 15 § 
seconds for testing air permeability. Use it for 4 
filter fabrics and accurately measuring wind- 
proofness, coating penetration, filler-retention, jj 


water-resistance of fabrics permitting passage of 


from 1 to 400 cu. ft. of air/min./sq. ft. at pres- § 


sure drop of 0.5”. 
Write for Bulletin 1400. 


> PENAL RTE ES TOLL Soe DN 


2. GURLEY AIR RESISTANCE TEST 
OF TIGHTLY WOVEN FABRICS 


Easy-to-use, accurate Gurley Densometer tests for ! 
porosity, air resistance and air permeability of }§ 
windproof cloth, gabardine, canvas, poplin and 


many other fabrics below Permeometer capacity. 
Preferred equipment in textile labs everywhere. 


Write for Bulletin 1400. 


3. GURLEY STIFFNESS 


fibers and fabrics with regard to func- 
tional performance, correlating phys- 
ical properties of fibers and yarns, and 
yarn and fiber performance. 


MICROSCOPIST 


Degree in science, 2 to 5 years experi- 
ence, preferably in “textile microscopy, 
to analyze and interpret findings on 
fibers or textile material for recom- 
mendation on possible research investi- 
m ations. 

hese are permanent positions in Cela- 
nese’s modern research laboratory. 
The location in Summit, New Jersey 
provides for a relaxed way of life in a 
suburban community ... and only 
30 miles from New York City with its 
wealth of cultural and educational 
facilities. 
Please send complete resumes, includ- 


AND PLIABILITY TESTS 
Motor-driven Gurley Stiffness Tester quickly ex- 4 
presses stiffness and “handle” of fabric in spe- § 
cific figures. Precision-balanced pointer pivots 4 
in jewel bearings, indicates stiffness factor of % 


test piece on sine scale. Range includes practi- | 

cally all textiles. i CORP. OF AMERICA 
Write for Bulletin 1400. 

CCE ROT AEE OES RE f Tibest Servet Ud 


W. & LE. GURLEY i cumey since 1845 SHTUUUUUUUUNAUANUUAUOUOUUOOEUUOOUUUUUUUUUUAUAUAUOUGGOOOOOOONG4GNOGUAEUUL 


513 Fulton St., Troy, N.Y. 


ing initial salary requirements, to Mr. 
J. A. Berg 


Summit New Jersey 


SyHniiiI 


nae i RECORDING 
c * TENSIOMETER T.R.1.’s Annual Review 


Rugged of 
Compact Research and Development 


Convenience of use 


Designed for normal Review of Textile Research and Develop- 
plant conditions ment During 1954. Prepared by the staff of 


Textile Research Institute, Princeton, New 
The High Speed Recording Tensiometer was developed by the Cela- Jersey Price $5 00 
nese Corporation of America for measurement and proper regulation bai is —"* 
of yarn tension in the textile industry. However, the instrument is 
equally applicable to the study of tension variation in fine flexible Published previously in the May issue of 
wire, or to the study of surfaces in contact with a running yarn or - 3 pF ‘ - 
wire system. Small bearings can also be introduced into the system TEXTILE RESEARCH JOURNAL, the “Review 
oat : ’ a hiitete , it . : ane - 
een bly nage patterns characteristic of mechanical for 1954 with classified bibliography of 
The instrument has a frequency response up to 120 cycles per 2000 literature references will be ready for 
second, and a sensitivity as high as four millimeters deflection on distribution in Mav asa bound report. It 
a standard direct writing recorder per gram of tension in the yarn. % ee 
Under normal plant conditions, heavy machine and plant vibrations will not appear in the JOURNAL. 
are cancelled by using two beams with bonded resistance strain 
gages working to opposition. The record produced is a true record 
of tension variation only. Stops are provided to prevent overstress- 
ing these beams. To use the instrument it is only necessary to 
place the pulleys over the running yarn and twist the sensing head 
until the yarn forms an S shape over the pulleys. 


CUSTOM SCIENTIFIC INSTRUMENTS, INC. 


541 Devon Street Kearny, N. J. 


Orders for copies should be sent to: 


Textile Research Institute 


Princeton, New Jersey 





TEXTILE RESEARCH 
JOURNAL 


VoL. XXV, No. 4 Aprit 1955 


Static Electrification of Filaments 
Experimental Techniques and Results’ 


S. P. Hersh’ and D. J. Montgomery’* 


Textile Research Institute and Frick Chemical Laboratory, Princeton University, Princeton, New Jersey 


Abstract 


In order to study the generation of charge on fibrous materials, an apparatus was 
constructed in which a fiber is held fixed while a second is rubbed across it under con- 
trolled mechanical and ambient conditions. It was found that the reproducibility was 
usually within + 5% when the same two fibers were rubbed repeatedly; that the charge 
generated was dependent on the manner in which the materials were rubbed; and that 
the magnitude of the charge generated was directly proportional to the length of material 
rubbed and to the normal force between the fibers (although in some cases a limiting 
maximum value was reached), but was independent of the apparent area of contact 
between the fibers and of the tension on the fibers. The effects produced by changes in 
velocity are more complicated to describe. Charge transfer was found to be independent 
of velocity when insulators (except Teflon) were rubbed together. For metals on 
insulators other than Teflon, the charge generated was found to increase linearly with 
velocity until a limiting value was reached, and then to remain constant. When Teflon 
and metals were rubbed together, the charge increased linearly with velocity without 
reaching a maximum. When Teflon was rubbed with insulators, the charge increased 
linearly with velocity in some cases but remained constant in others. 

A study of the dependence of the sign and amount of charge transferred on the nature 
of the materials rubbed was undertaken, and a triboelectric series was established. For 
metals on insulators, the amount of charge generated was found to be related to the 
work function of the metal and the position of the insulator in the triboelectric series. * 
For insulators rubbed on insulators, the amount of charge transferred appeared to be 
independent of the positions of the insulators in the series. 


Introduction 


In 1757 Wilcke [38] published the first tribo- 
electric series, that is, the first list of materials so 


ordered that a given substance becomes charged posi- 
tive when rubbed against any listed below it. 
Through the years other workers have published 


their own lists [1, 4, 11, 19, 23, 32, 34], though, as 
1 This paper is based on a part of the dissertation sub- 


mitted by S. P. Hersh in partial fulfillment of the require- 
ments for the degree of Doctor of Philosophy at Princeton 
University. 

2 Union Carbide and Carbon Fellow of Textile Research 
Institute. Present address: Research and Development De- 
partment, Carbide and Carbon Chemicals Company, South 
Charleston 3, West Virginia. 

3 Staff Member of Textile Research Institute. Present 
address: Physics Department, Michigan State College, East 
Lansing, Michigan. 


Shaw and Jex [35] have shown, it is by no means 
certain under what conditions a given set of mate- 
rials can be ordered triboelectrically. The estab- 
lishment of the existence and the order of a tribo- 
electric series is a major task of the qualitative 
investigation of static electrification. 

In 1834 Péclet [30] reported the first systematic 
quantitative study of factors important in static elec- 
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trification. He rubbed a pad covered with a specified 
material against a revolving cylinder of another mate- 
rial, and investigated the influence of velocity, force, 
extent of surface of contact, state of surface, and 
thickness of bodies; and, in a later work [31], the 
effects of carbon dioxide instead of air for the sur- 
rounding atmosphere. Studies of a similar nature 
were made through later decades by other workers, 
for example, see references [5, 20, 22, 24, 25, 29, 39]. 

It is impractical to review the results and inter- 
pretation of the papers listed, not to mention those of 
other investigators on different aspects of static 
electrification. The rather desultory activity in this 
field died off almost completely about 1930, at which 
time—as indeed up to the present—it could be 
fairly said that no clear picture of either the qualita- 
tive or quantitative phenomena had emerged. But 
in the late 1940’s, to a large extent stimulated by the 
demands of the textile and the plastics industries, 
attack on the problem was made anew; see, for 
example, references [1, 3, 6, 7, 8, 9, 10, 12, 13, 21, 
23, 26, 27|. There is hope that present-day tech- 
niques and materials, coupled with the advances in 
theory of the solid state, will permit substantial ad- 
vances in the understanding of this traditional sub- 
ject. 

The approach used in this work has been to at- 
tempt to define the geometrical conditions reasonably 
well by rubbing single filaments against each other, 
and to use for the most part synthetic fibers for in- 
sulators and metallic elements for conductors in 
order better to define the chemical nature of the 
rubbed materials. A brief outline of the preliminary 
results of this study was given earlier [18]. In the 
interpretation of the results it is necessary to know 
something about the resistance of the insulators, 
and in earlier experiments [16, 33] this topic was 
studied. The present paper is concerned with the 
effect of mechanical parameters and ambient condi- 
tions on the charge generated when filaments of 
various materials are rubbed together. A _ later 
paper will discuss some possible theoretical explana- 
tions. 


Apparatus 


Among the variables which might be suspected 
to control the amount of charge transferred when 
two materials are rubbed together are the following : 
(1) properties of the materials—chemical composi- 
tion, state of strain, surface condition; (2) me- 
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PROT RACTOR- 


TOP YOKE— 


Fig. 1. Sketch of stroking apparatus. 

chanical variables—length of stroke, velocity of 
stroking, normal force between filaments, area of 
contact, direction of relative motion of filaments; 
and (3) ambient conditions—temperature, pressure, 
composition of atmosphere. 

An apparatus was constructed to allow variation 
of all the factors listed except ambient pressure—an 
important factor. Variation of ambient pressure, 
however, would require complicated apparatus, and 
such a study has accordingly been postponed. The 
apparatus used in the present work consists of a 
rubbing mechanism, a test chamber, and a charge- 
measuring circuit. 


Rubbing Mechanism 


Basically, the rubbing apparatus provides a means 
of rubbing a filament held in a movable top yoke 
against a fiber held in a stationary bottom yoke, 
under controlled mechanical conditions. 
of this mechanism is shown in Figure 1. 

The bottom yoke is constructed of brass, and is 
mounted on a polystyrene stand-off insulator ar- 
ranged to slide on the base in a slot perpendicular 
to the direction of motion of the top yoke. The bot- 
tom yoke can rotate in the horizontal plane about 
the axis of the stand-off insulator to permit the 
bottom fiber to be placed in any direction in the 
horizontal plane. A protractor attached to the 
stand-off insulator measures the azimuthal position 
of the fiber. A scale on the base measures displace- 
ment of the insulator along the slot. The height of 
the fiber above the base can be varied by sliding the 


A diagram 
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SPRING 


FIBER 
Fig. 2. Detail of top yoke for stroking apparatus. 


insulator vertically up or down on a brass rod and 
clamping it in position with a screw. There is space 
on the bottom yoke for fibers up to 3 in. long. One 
end of.the fiber is fixed to the yoke under the head 
of a machine screw; the other end, to which a hook 
is attached, hangs over a pulley. Weights carried 
on the hook control the tension on the bottom yarn. 
A bare copper wire connects the bottom yoke to the 
high terminal of a vacuum tube electrometer. 

Figure 2 shows details of the top yoke. One end 
of the top fiber is attached to the brass yoke by a 
machine screw, as in the bottom yoke, and the other 
end is attached to a spring controlling its tension. 
The spring is attached to a screw with a slot in the 
top serving as a keyway to prevent the screw from 
turning about its axis. The extension of the spring, 
and consequently the tension in the fiber, is con- 
trolled by moving the screw back and forth by means 
of the nut. The extension of the spring is measured 
against the scale attached directly to the top yoke. 

As seen in Figure 1, the bottom yoke and fiber 
are fixed against the base. The top yoke is attached 
to an arm which is connected to a reciprocating 
horizontal rod. The reciprocation of the rod is 
brought about by a connecting rod fixed to a crank 
driven by an electric motor. An adjustable guide 
supports the arm and yoke, holding the top fiber 
above the bottom fiber at the beginning of a cycle at 
position A, lowering the top yoke and its fiber onto 
the bottom fiber as the arm reaches the depression 
B in the guide, and separating the fibers at the end 
of the depression in the guide at position C. The 
distance between B and C is adjustable. When the 
arm reaches position )), a grounded brass plate (not 
shown) is automatically brought up between the 
fibers to shield the charge on the top fiber from the 
bottom fiber and the lead to the electrometer. Pre- 
liminary experiments, however, showed that the 
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charge on the top fiber was far enough away from 
the bottom fiber at position D so that the electrometer 
reading was not affected by the top fiber. Hence 
the grounded brass shield was not used in later ex- 
periments. On the return journey the lifting arm 
engages the brass spring of the lifting cam which 
guides the whole top yoke system above the lower 
fiber and returns it to position A in readiness for the 
next stroke. The cycle of operation actually begins 
and ends with the top yoke in position D. 

Before each measurement the fibers are discharged 
by means of a radium-impregnated gold foil (2 in. 
long, 50 wg per in.). When the top yoke reaches 
position A, the top protractor (which is grounded 
at all times) touches the grounding bar attached to 
the bottom yoke, and thereby automatically grounds 
the electrometer. Before the arm reaches depression 
B in the guide, the ground contact to the electrometer 
is broken automatically, and the electrometer is 
ready to measure the charge produced during the 
stroke. The top yoke is attached to the arm in such 
a way that the yoke may be rotated through 360° ; 
that is, the azimuthal position of the top fiber may be 
varied in the horizontal plane of rubbing. 

The crank which drives the reciprocating rod is 
driven by a 22-watt a-c motor. The velocity of 
stroke was varied by altering the speed of the motor 
with a small gearbox and by changing the frequency 
of the power supply between 30 and 120 cps. The 
normal force can be controlled directly by the posi- 
tion of the counterweight on the lifting arm, and 
indirectly by the tensions of the rubbed fibers and 
the height of the bottom fiber above the base. 

The entire apparatus except the motor, cams, and 
electrometer is mounted on an 11-in. square grounded 
copper plate, and is surrounded by a Faraday cage 
11 in. high. The lead to the electrometer passes 
through a grounded brass tube which completely 
shields the high terminal of the electrometer. 


Test Chamber 


In order to control the humidity and temperature 
of the samples under test, the rubbing apparatus and 
the cage (except the cams, motor, and electrometer ) 
are placed in a chamber constructed of plywood and 


Lucite. The temperature is controlled simply by a 
bimetallic strip thermoregulator activating a light 
bulb as a heater. The humidity is controlled by 
saturated salt solutions contained in trays. A small 


air-circulating fan is enclosed in the chamber. 
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Access to the rubbing apparatus for changing sam- 
ples and for adjusting tension and position of fibers 
is obtained through two armholes in the front of 
thechamber. The armholes are covered by grounded, 
rotating metal doors. Initially, rubber gloves were 
placed over the armholes to prevent disturbing the 
controlled atmosphere, but experience showed that 
this precaution could be dispensed with. 

The radium source for discharging the fibers is 
kept in a lead box inside the chamber but outside 
the Faraday cage. The source itself is surrounded 
with a lead shield and is mounted on a brass rod. 
The rod projects outside the chamber through a 
universal joint which allows the source to be taken 
from its lead box and moved through the chamber. 
The source is introduced into the cage through a 
hinged top which can be manipulated by a lever 
projecting through the front of the chamber. 


Electric Circuit 

The charge transferred is determined by observing 
the potential change on a system of known ca- 
pacitance. The potential change is measured by a 


vacuum-tube electrometer. The capacitance of the 
system is determined by observing the time constant 


of the system when it is connected to ground through 
a known high resistance. 


In measuring larger 
charges, the capacitance of the system is increased 
by connecting a loading capacitor between the bottom 
yoke and ground. The leakage resistance to ground 
of the yoke support in parallel with the electrometer 
insulator is greater than 10** ohms. In the measur- 
ing position, the capacitance of the yoke, the leads to 
ground, and the electrometer is 25 pyf. All the 
circuit elements are enclosed in a grounded Faraday 


POLYETHYLENE ON NYLON 


CHARGE (Mic) 


10 20 30 40 
RUB NUMBER 
Fig. 3. Reproducibility of successive rubs of polyethylene on 
nylon, discharging between rubs. 
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cage. Rough calculations indicated that about 90% 
of the charge on the bottom fiber would be measured 
by the electrometer. This estimate was confirmed 
experimentally. 


Experimental Results 
Samples 


All the materials used were in filament form except 
the Lucite, which was a rod rubbed by hand. The 
nylon, polyethylene, and Velon were monofilaments 
of 0.008 in. (340 den), 0.012 in., and 0.008 in. 
diameter, respectively, unless otherwise noted. The 
remaining samples were low-twist multifilament yarns 
of approximately 300 den.* The metals platinum 
and gold were wires of 0.008-in. diameter. Special 
samples of nylon, Dacron (Du Pont acrylic fiber), 
and Dynel were available, drawn to different ratios 
from the same melt. 

As a rule, the fibers were not cleaned in any way. 
Preliminary experiments in which nylon and poly- 
ethylene samples were cleaned by Soxhlet extraction 
for 1144 hr with methanol followed by 11% hr with 
diethyl ether indicated that the cleaning process did 
not affect the charge generated very much. In the 
few instances when erratic behavior was obtained, 
the situation could be remedied by washing the 
Such sam- 
ples had probably been contaminated in some way. 
The metals in the first experiments were used with 
no attempt to clean the surface. In later experi- 
ments more extensive measurements were made upon 
metals in which the surfaces were scraped with a 
razor blade before rubbing. 


fibers with water or an organic solvent. 


Reproducibility 


Successive rubs. The first thing to be established 
was the reproducibility of the amount of charge 
transferred when the same two fibers of different 
materials were rubbed against each other. It was 
found that the charge transferred changed regularly 
with successive rubs until a value was obtained 
which remained constant to within +5% or better. 
The number of strokes required to reach a constant 
reading ranged from 2 or 3 for polyethylene on 
nylon to about 60 or 65 for acetate on nylon. With 
some materials the charge increased on successive 
rubs, and with others it decreased. At present not 
enough data are available to make a generalization 


4 Denier is defined as the mass in grams of 9000 meters of 
filament. 
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TABLE I. 


Charge Generated on Samples of Polyethylene 
Rubbed on Nylon 


Charge (uuc)* for Sample Number (+) 


Sample-to-Sample and Day-to-Day Variability of 





Day 1 2 3 4 5 6 


(morning) 250 250 250 300 190 190 
(afternoon) 210 210 330 190 8210 


(morning) 190 250 260 310 190 190 
(afternoon) _— 250 210 280 180 190 


(morning) 160 250 250 180 180 
(afternoon) 160 250 190 180 


(morning) 160 230 250 180 160 
(afternoon) 140° 250 230 190 180 


* Micromicrocoulombs. 
about what factors determine the behavior on re- 
peated rubbing. 

A typical example of reproducibility on successive 
rubs (discharging between rubs) is given in Figure 
3, showing the behavior of polyethylene on nylon. 
All measurements reported later refer to the constant 
level of the curve after several rubs. 

If two samples of the same material were rubbed, 
results were sometimes erratic, the charge changing 
sign randomly on successive rubs. Such behavior 
was seldom found, however, and was never observed 
for two different materials. 

Sample-to-sample and day-to-day reproducibility. 
Examples of sample-to-sample reproducibility, that 
is, the charge generated by using duplicate samples 
of the same materials, are given in Table I for 
polyethylene on nylon and in Table II for nylon on 
polyethylene. Information concerning the day-to- 
day reproducibility is also given in these tables. 
Listed across each row of the tables are the charges 
generated under fixed mechanical and ambient con- 
ditions on a given day for 6 different samples of the 
same materials. Listed down each column is the 
charge generated on the same samples on successive 
days. Although the sample-to-sample reproducibility 
is not so good as that produced by successive rubs, 
the fact that the variation does not exceed +20% 
of the mean is gratifying. Actually, when studying 
the effects of the mechanical variables, the repro- 
ducibility on successive rubs is more important than 
the fiber-to-fiber reproducibility. For a complete 
quantitative theory, however, the study of the latter 
type of reproducibility would, of course, be im- 
portant. The day-to-day reproducibility is quite 
good, especially in view of the fact that all the yokes 
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TABLE II. Sample-to-Sample and Day-to-Day Variability of 


Charge Generated on Samples of Nylon 
Rubbed on Polyethylene 


Charge (uuc)* for Sample Number (—) 





Day 1 2 3 4 5 6 


(morning) 440 300 470 320 330 ©6400 
(afternoon) 280 440 400 300 370 330 


(morning)t 330 380 510 390 420 350 
(afternoon) t 370 §=6330) «364200 «3370 460) 330 


(morning) 280 310 350 350 280 350 
(afternoon) 280 400 350 370 390 


(morning) 260 350 370 370 390 
(afternoon) 260 330 400 350 


230 310 30 RO 330 


* Micromicrocoulombs. 
+t Temperature 24.5°C. 


were removed from their mounts between days, and 
that the bottom samples were being rubbed on dif- 
ferent parts of their surfaces. 

The results recorded in Tables I and II were ob- 
tained by first rubbing the samples ten times and 
then averaging the five values of charge generated 
from rubs 11 through 15. 

One will note that the positive charge obtained by 
rubbing polyethylene on nylon is considerably smaller 
than the negative charge obtained by rubbing nylon 
on polyethylene. Such differences were noticed for 
An- 
other example is shown in Figure 6. The reason for 


several of the material combinations studied. 


this behavior is not known. 

Two sets of measurements reported in Table II 
were made at 24.5°C instead of the usual 30.0°C. 
Results made at the two different temperatures show 
no notable difference, and therefore any slight changes 
in the controlled temperature should not distort 
other effects at this stage of investigation. 

Nature of the Contact between Fibers 

In order to designate the type of rubbing contact, 
the azimuthal positions of the bottom and top fibers 
are given in polar coordinates. The first angle given 
is the coordinate of the bottom (stationary) fiber 
and the second is that of the top (moving) fiber. 
Three major forms of rubbing contact were decided 
upon, and are shown in Figure 4. 
system described above, they are: 


According to the 


I. 90-0, in which the length of the top fiber saws 
into one spot of the bottom fiber, 





90-0 I 0-90 TM 45-45 
Fig. 4. Sketch of three major rub types. 


II. 0-90, in which one spot on the top fiber slides 
along the length of the bottom fiber. 

IIT. 45-45, in which the top fiber is rubbed over 
the bottom fiber, the direction of motion being at 45° 
to both fibers. It should be noted that, in this rub, 
fresh surface is always contacting fresh surface. 


Rub types 90-0 and 0-90 have been referred to as 
“asymmetric rubbing” by Henry | 14], and this term 
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will be used here at times. All measurements re- 
ported in the section on results are for the 45-45 
rub unless otherwise noted. 

Different materials. When two different mate- 
rials are rubbed together, it is found that one of the 
rubs 90-0 or 0-90 will give nearly zero charge while 
the other and the 45-45 rub give large charges. 
For example, if polyethylene is rubbed on nylon, the 
0-90 rub gives essentially zero charge whereas the 
90-0 and the 45-45 rubs give a high charge. Ex- 
amples of these results can be seen in Figures 7, 9, 
and 16. If the positions of the fibers are reversed 
and nylon is rubbed on polyethylene, then the 90-0 
rub gives no charge and the 0-90 gives a charge. 
This means that, if one spot on the polyethylene is 
rubbed, no charge is transferred. Alternatively, one 
can say that, when one spot on the nylon is rubbed, 


Materials Rubbed 


Viscose and nylon 
Cotton and nylon 
Acetate and nylon 
Dacron and nylon 

Orlon and nylon 
Polyethylene and nylon 
Platinum and nylon 
Stainless steel and nylon 
Aluminum and nylon 
Magnesium and nylon 
Polyviny] chloride and viscose 
Acetate and Dacron 
Viscose and Dacron 
Acetate and Orlon 
Viscose and Dynel 
Cotton and Dynel 
Dacron and Dynel 

Orlon and Dynel 
Polyvinyl chloride and Dynel 
Platinum and Dynel 
Acetate and Velon 
Dacron and Velon 

Wool and polyethylene 
Viscose and polyethylene 
Cotton and polyethylene 
Acetate and polyethylene 
Dacron and polyethylene 
Orlon and polyethylene 


Polyvinyl chloride and polyethylene 
Drawn and undrawn polyethylene 


Platinum and polyethylene 


Stainless steel and polyethylene 


Aluminum and polyethylene 
Magnesium and polyethylene 


TABLE III. Effect of Asymmetric Rubbing on Magnitude of Charge Generated (Different Materials) 


Small Charge Developed 
When One Spot Is 
Rubbed On 


Nylon 

Nylon 
Acetate 
Dacron 
Orlon 
Polyethylene 
Nylon 

Nylon 

Nylon 

Nylon 
Polyvinyl chloride 
Acetate 
Dacron 
Acetate 
Dynel 

Dynel 

Dynel 

Dynel 
_Dynel 

Dynel 

Velon 

Velon 
Polyethylene 
Polyethylene 
Polyethylene 
Polyethylene 
Polyethylene 
Polyethylene 
Polyethylene 
Drawn polyethylene 
Polyethylene 
Polyethylene 
Polyethylene 
Polyethylene 


Material Which 
Becomes Charged 
Positive 


Nylon 
Nylon 
Nylon 
Nylon 
Nylon 
Nylon 
Nylon 
Nylon 
Nylon 
Nylon 
Viscose 
Acetate 
Viscose 
Acetate 
Viscose 
Cotton 
Dacron 
Orlon 
Polyvinyl chloride 
Platinum 
Acetate 
Dacron 
Wool 
Viscose 
Cotton 
Acetate 
Dacron 
Orlon 
Polyvinyl chloride 
Undrawn 
Platinum 
Stainless steel 
Aluminum 
Magnesium 


Material Which 
Has Smaller 
Conductivity 


Nylon 

Nylon 
Acetate 
Dacron 
Orlon 
Polyethylene 
Nylon 

Nylon 

Nylon 

Nylon 
Polyvinyl! chloride 
Uncertain 
Dacron 
Orlon 

Dynel 

Dynel 
Uncertain 
Uncertain 
Dynel 

Dynel 

Velon 
Uncertain 
Polyethylene 
Polyethylene 
Polyethylene 
Polyethylene 
Polyethylene 
Polyethylene 
Polyethylene 
Unknown* 
Polyethylene 
Polyethylene 
Polyethylene 
Polyethylene 


Note: Dacron is Du Pont's polyester fiber; Orlon is Du Pont’s acrylic fiber. 
*If it is assumed that the conductivity of polyethylene on drawing behaves the same as nylon, the drawn polyethylene 
would have the smaller conductivity. 
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TABLE IV. Effect of Asymmetric Rubbing on the Polarity 
of Charge Generated (Similar Materials) 


Relative 
Humidity 


(%) 


Polarity Polarity 
for for 


Materials Rubbed 0-90 Rub 90-0 Rub 


Nylon of draw ratios 
lon 1,2 
20n1,2,3,4 
3 on 1, 2,3,4,5,6 
40n1,2,4 
5 on 2, 5,6 
6 on 1, 2,6 
Dynel samples 
lon1;2o0n2 
3 on 3 
20n1;30n1,2;40n4 
Dacrons of draw ratios 
1 on 6 
6 on 1f 
30n6;60n 3 
lonl 
3on3;60n6 
Teflon on polyethylene 
Polyethylene on Dynel 
Dynel on polyethylene 
Velon on Dynel 
Dynel on Velon 
Polyethylene on poly- 
ethylene 
Teflon on Teflon 
Nylon on nylont 
Acetate on acetate + 
Viscose on viscose + 


33 
33 
33 
33 
33 
33 


33, 75, 85* 
33, 75%, 83° 
33 


+++ 444444 


33 
33 
33 
33, 75,* 85* 
33, 75, 85* 
33 
33 
33 
33 
33 


++++4+4+4+++9 


10, 75 
10, 75* 
10, 75* 
10, 75 
10, 75* 


Description of Dynel samples: Dynel 1—undrawn; Dynel 2 
—drawn 274%, relaxed 15%; Dynel 3—drawn 725%, relaxed 
15%; Dynel 4—drawn 520%, relaxed 15%. 

* Essentially zero charge generated at these humidities. 

t These samples behave like two different materials rubbed 
asymmetrically. 


charge transfer readily takes place. The experi- 
mental results so far obtained are given in Table III 
and indicate that, if one spot on the material with 
the lower conductivity is rubbed, no charge is trans- 
ferred. The only exceptions to this generalization 
are those rubs which involve acetate. The polarity 
of charge transfer does not seem to be a possible 
factor, as the results in the third column show. 

Same materials. If two different samples of the 
same or similar materials are rubbed together, the 
0-90 rub gives a negative charge and the 90-0 rub 
gives a positive charge. The only exception to this 
generalization was for acetate on acetate and pos- 
sibly for viscose on viscose at 10% R.H. It should 
be mentioned that, when the 0.008-in.-diameter nylon 
monofilaments were rubbed together, they behaved 
on asymmetric rubbing like two different materials ; 
that is, one direction gave a high charge, the other 
a low charge, both of the same sign. In Table IV 


28: 


are listed the results obtained by the asymmetric 
rubbing of similar materials. 

An unusual case is that of animal fibers which 
possess an oriented scale structure. Here reversing 
the sense of rubbing in a nearly 0-0 rub may reverse 


the sign of charge transfer [17]. 


Length of Stroke 


The length of stroke is defined as the projected 
distance between the points where the top fiber 
This distance 
is shown in Figure 1 as the length B—C and can be 
varied by moving the guides. 

The charge generated as a function of length of 
stroke was determined for several combinations of 
materials. 


contacts and leaves the bottom fiber. 


These experiments were performed by 
holding the right guide fixed and moving the left 
guide. In the experiments both the descending and 
ascending curves were determined in order to insure 
that conditions had not changed during the experi- 
ment. In all cases the charge generated was found 
to be proportional to the stroke length. 
curves for 


Typical 


insulators on insulators are shown in 


Figures 5, 6, and 7. Length-of-stroke results for 
rubs involving metals and insulators are shown in 
Figure 8. The fact that the curves pass through the 
origin indicates that mere contact will not produce 
an appreciable charge, rubbing being necessary for 
substantial charge transfer to take place. 

All data given in this work are for a 2.5-cm length 
of stroke unless otherwise noted. 


Rubbing Velocity 


For insulators rubbed on insulators, the charge 
generated appeared to be independent of the velocity 
(except when Teflon was involved), as shown in 
Figures 9 and 10. When Teflon 
insulators, two types of behavior were found. 


was one of the 
In the 
first, charge increased linearly with velocity, as in- 
dicated in Figure 11, for combinations of Teflon with 
polyethylene and nylon. In the second, the amount 
of charge was nearly independent of velocity, as 
shown in Figure 12 for Teflon on Orlon (Du Pont’s 
acrylic fiber) and acetate. The curve for the Teflon- 
acetate case shows a very slight increase of charge 
For 
Teflon on Orlon, the charge increases with velocity 


with velocity which is probably not significant. 


until about 5 cm per sec and then remains constant. 


For metals on insulators other than Teflon, there 
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was an increase of charge with increasing velocity acted similarly (Figure 15), except that the charge 
up to a threshold value of about 7 cm per sec after did not reach a constant value but continued to in- 
which the charge generated was independent of crease with velocity. Thus the behavior of Teflon, 
velocity. Examples of this behavior are shown in as far as velocity dependence goes, seems to be dif- 
Figures 13 and 14. Platinum and gold on Teflon 
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Fig. 8. Charge generated as a function of length of stroke 


LENGTH OF STROKE (cm) for metals rubbed with insulators. 


Fig. 5. Charge generated as a function of length of stroke 
for insulators on insulators. For polyethylene on nylon the 


normal force is 9.3 g; for the others, 22.0 g. 
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Fig. 6. Charge generated as a function of length of stroke normal force is 7.7 g; the length of stroke is 6.0 cm. 
for nylon draw ratio 1 and nylon draw ratio 4 rubbed 


together. 
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Fig. 7. Charge generated as a function of length of stroke stroke for various insulators other than Teflon rubbed 
and type of rub for 0.01-in.-diameter polyethylene (drawn) together. For polyvinyl chloride on nylon the normal force 
on 0.045-in.-diameter polyethylene (undrawn). is 19.5 g; for the others it is 22.0 g. 
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ferent from that of the other insulators studied. A 
possible explanation for this will be postponed to a 
later paper. 





CHARGE (ppc) 
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a Teflon on Polyethylene 
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Fig. 11. Charge generated as a function of velocity of stroke 
for various insulators and Teflon rubbed together. 
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Fig. 12. Charge generated as a function of velocity of stroke 
for Teflon rubbed on Orlon and acetate. 
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Fig. 13. Charge generated as a function of velocity of 
stroke for metals and insulators other than Teflon rubbed 
together. For gold and platinum on polyethylene, the nor- 
mal force is 14.5 g, for polyethylene on gold it is 22.0 g, 
and for gold on nylon it is 19.5 g. 
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All other measurements were made at a velocity 
of 2.52 cm per sec unless otherwise noted. 


Normal Force between Filaments 
The normal force can be controlled in two ways: 


1. Directly, by fixing the position of the counter- 
weight on the lifting arm. The fiber tensions must 
be sufficiently high that the weight of the top yoke 
is supported by the vertical reaction of the displaced 
fibers. 
to support the weight of the top yoke. 


The fiber displacement is then only enough 
The normal 
force in this method was determined by calibrating 
the net downward force against a spring balance. 

2. Indirectly, by allowing the tensions in the fila- 
ments to produce the normal force by their reaction 
to fixed displacement from their equilibrium posi- 
tion. 
times on the horizontal portion of the guide between 
B and C (Figure 1), thus fixing the displacement as 
the height of the adjustable guides. The normal 


The arn. carrying the top yoke rests at all 
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Fig. 14. 


Charge generated as a function of velocity of stroke 
for acetate on gold. 
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Fig. 15. Charge generated as a function of velocity of stroke 
for platinum and gold on Teflon. 
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force was not determined in absolute value when this force. In some cases a limiting value was reached 
method was used, but it may be shown that the force beyond which an increase in normal force caused no 
is nearly proportional to 2TW/(T + W), where T increase in charge generation. Generally, the extra- 
is the tension in the top fiber and W that in the  polated curves did not pass through the origin. 
bottom. 


With either method of control, the results showed Sag ts “3 7 
a linear dependence of charge generated on normal de60 
—_—— 
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Fig. 16. Charge generated as a function of normal force 
and type of rub for polyethylene on nylon. For rub type ——_-—— 
45-45 the length of stroke is 3.5 cm; for rub types 90-0 and 
eo Platinum on Nylon 
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Fig. 20. Charge generated as a function of normal force 
20 30 40 for metals rubbed on insulators. For platinum on nylon the 
NORMAL FORCE (9) length of stroke is 3.0 cm; for the others it is 2.5 cm. 


Fig. 17. Charge generated as a function of normal force for 
various insulators rubbed together. = 
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Fig. 18. Charge generated as a function of normal force for Fig. 21. Charge generated as a function of normal force for 
acetate rubbed on nylon and gold. platinum and gold on Teflon. 
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NORMAL FORCE 2TWAT+ WwW) 
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CHARGE (ULC) 


VISCOSE ON POLYETAYLENE 


Fig. 22. Charge generated as a function of normal force 
(controlled indirectly). The velocity of stroke is not known 
exactly. 


Typical results are shown in Figures 16-21, in which 
normal forces were controlled by the direct method, 
and in Figure 22, in which they were controlled 
indirectly. 

All other measurements were made at a normal 
force of 22.0 g unless otherwise noted. 


Area of Contact between Fibers 


The results presented above for the dependence of 
charge transferred on normal force may be ques- 
tioned on the ground that perhaps the apparent 
(macroscopic) area of contact between the fibers 
was changing at the same time the normal force was 
altered. In order to determine whether changes in 
area change the value of the charge generated, an 
experiment was carried out using the indirect method 
of controlling normal force. The individual values 
of T and W control the amount of wrap of one fiber 
around the other. By keeping the factor 27)W’/ 
(T #W) constant while varying T and HW indi- 
vidually, one may obtain values for the charge gen- 
erated at constant normal force with different areas 
of contact. However, this could not be done easily, 
and another method was used. 

If T = W at all times, the “wrap around” of the 
fibers will always be the same, and the area of con- 
tact should not change. If charge is plotted against 
2TW/(T+W) T=W at all times, one 
should obtain the dependence of charge on normal 
force with constant area of contact. 


with 


This was done 
for the two materials shown in Figure 22. It is seen 
that the results fall on the same curve as those in 
which T+ W. The ratio T/W was as high as 40/1 
for one of the points shown. Thus the charge gen- 


erated seems to be a linear function of normal force 
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TABLE V. Charges Generated by Rubbing Various Nylon 
Samples on Viscose and Polyethylene 


Charge Generated on 





Viscose Polyethylene 
(upc )* (ppc ) 

2 340-den filaments 200 180 

1 X 340-den filaments 18C 190 

1X 30-den filaments 90 260 
10X 30-den filaments 90 140 

5x 30-den filaments 110 160 
25x 3-den filaments 80 160 


Nylon Samples 


* Micromicrocoulombs. 


and to be independent of the area of contact as de- 
fined by the wrap around of fibers. This result is not 
surprising in view of the well-known picture of the 
nature of frictional contacts [2]. In this model, 
contact between solids occurs only locally at the 
summit of the surface irregularities, so the real 
(microscopic ) area of contact is very small and bears 
little relation to the apparent area of the surfaces in 
contact. The real area of contact is proportional 
to the normal force. The normal pressure thus re- 
mains constant, and the frictional force depends only 
on normal force and is independent of the apparent 
area of contact. The same model can apparently be 
used to describe frictional electrification. 

Another experiment was performed to determine 
whether the area of contact and physical form of the 
sample had any great influence on the charge gen- 
erated. Six different samples of nylon were placed 
in the top yokes, and these samples were rubbed 
first on viscose and then on polyethylene. The re- 
sults are given in Table V. There seems to be a 
difference in the charge produced by the 340-den 
nylon and the other nylons, but the size of the sample, 
and consequently the apparent area of contact, does 
not seem to influence the charge very much. 


Fiber Tension 


It is possible to determine the dependence of 
charge generated at constant normal force as a func- 
tion of fiber tension by using the direct method of 
controlling normal force. Results in Figure 23 for 
the charge generated vs. tension show the charge to 
be independent of the tension over a wide range (30 
to 350 g). Thus the results presented above using 
the indirect method of controlling normal force are 
reliable since the tension of the fibers apparently 


has no effect per se on the charge generated. 





STRESS ON NYLON ( enier) 
0.50 


ACETATE ON NYLON 
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100 200 300 400 
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Fig. 23. Charge generated as a function of tension on bottom 
fiber. The normal force is 17.0 g. 


Relative Humidity 


The effect of relative humidity on the charge 
generated was determined for 6 sets of materials 
chosen so as to include good and poor conductors in 
various combinations. Relative humidity was varied 
in the chamber from 10 to 85% by using the satu- 


rated salt solutions listed below: 


Saturated Salt Relative Humidity [28] 


Solution (%) 


Potassium chloride 8414 
Sodium chloride 75 
Ammonium nitrate 60 
Sodium dichromate 52 
Magnesium chloride 33 
Potassium acetate 20 
Zinc chloride 10 


It is 
apparent that, for viscose on gold and viscose on 


Results are shown in Figures 24 and 25. 


cotton, the conductivity at all humidities above 10% 


is too great to permit any charge build-up. For the 
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Charge generated as a function of relative humidity. 
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4 Acetate on Nylon 
© Plotinum on Nylon 
a Polyethylene on Gold 
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Fig. 25. Charge generated as a function of relative humidity. 


other combinations, charge does not vary too dras- 
tically with humidity, although there is a considerable 
decrease in charge generation at the highest humidity 
measured. It appears, then, that in order for a sig- 
nificant net charge transfer to take place the re- 
sistivity of at least one of the insulators being rubbed 
must exceed a certain value, probably around 10'° 
ohms-cem*/em. A similar conclusion has _ been 
reached by Medley [27]. 

The increased conductivity of the fiber at 85% 
R.H. affected the experimental observations in an 
unexpected manner. After the rub was completed, 
the reading on the electrometer which usually re- 
mained constant (except for the slow drift due to 
grid current) increased by about 10% over a period 
of 15-20 sec. Earlier it was noted that the elec- 
trometer probably detected 90% of the charge on the 
yarn, and it is believed that the 10% increase in 
potential was merely the charge slowly leading onto 
the metal yoke, thus causing the electrometer to 
read 100% of the charge on the bottom fiber rather 
than only 90%. The same behavior was observed 


for the viscose on cotton at 10% R.H. 


The Question of Atmospheric Breakdown 


An important consideration in these experiments 
is whether the charge generated is limited by at- 


mospheric breakdown. For the work in which 
charge keeps increasing with velocity, normal force, 
and length of stroke, the charge undoubtedly is not 
limited by gaseous discharge in the atmosphere. 
When the charge in these curves reaches a maximum, 
however, the question arises as to whether this 
saturation is caused by atmospheric breakdown or 
some other mechanism. A _ consideration of the 
problem follows. 
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The atmospheric breakdown potential at standard 
temperature and pressure for a filament of the 
diameter used here in a concentric cylinder or parallel 
to another filament is about 90,000 volts per cm, 
according to Whitehead [37]. Calculations based 
on this figure indicate that the maximum charge 
which can be developed on a surface without causing 
breakdown is about 10,000 pyuc® per cm’, or 10" 
electrons per cm*. In these experiments the ap- 
parent area rubbed is ®° approximately 0.05 to 0.1 cm’, 
so that the maximum charge one would expect on a 


filament is about 500 to 1000 pyc. This calculation 


is approximate and assumes (1) that the charge is 
spread along the whole area rubbed, and (2) that 
the charges are fixed and do not move around the 
filament. These two factors work oppositely in their 


If the 
nature of the contact is that only a small portion of 
the area rubbed is in actual contact, the local field 
intensities may be high enough to cause discharge 
even though the average field is not. Estimations 
based on the mobility of the charge on the surface 
indicate that for all materials having a resistivity of 
10'* ohm-cm*/cm or smaller, the charge can dis- 
tribute itself around the fiber in much less time than 
it takes the diameter of one fiber to traverse that of 
the other. Much higher charges could therefore be 
expected with materials of low resistance before at- 
mospheric breakdown takes place, since the charge 
would cover more area. Therefore the reliability of 
the calculated maximum charge to be expected of 
500-1000 pyc is questionable. It may be mentioned 
that the maximum charge observed in the investiga- 
tion was approximately 1000 pyc for rubs involving 
acetate on gold and acetate on nylon (Figures 14 
and 18). 

Another indication that gaseous discharge may not 
be taking place is that the normal force curves in 
general do not show maximum charges at the same 
place as the velocity curves. For example, Teflon 
on nylon “saturates” at 260 pyc with normal force 
and reaches 425 puc at the highest velocity (Figures 
11 and 19), and gold on nylon produces a charge of 
350 pyc at the highest normal force used, whereas 
the velocity curve saturates at 250 puc (Figures 13 
and 20). However, some normal force and velocity 
curves saturate at the same point, such as the gold 
on polyethylene (Figures 13 and 20). Unfor- 


effect on the maximum charge expected. 


5 Micromicrocoulombs. 
6 This is calculated for a 2.5-cm long rub and a peripheral 
contact of 0.20 to 0.04 cm on the filament. 


291 


tunately sample-to-sample reproducibility is not good 
enough to permit reliance on the differences in sat- 
uration charge as indicating the absence of gaseous 
discharge. Thus the basic question of whether the 
maximum charges observed are due to atmospheric 
breakdown is not definitely answered. 


Nature of the Materials 


The work described heretofore was aimed at con- 
trolling and studying the effects of the mechanical 
variables involved in rubbing so that an approach 
could be made toward determining the effects pro- 
duced by the chemical nature of the materials rubbed. 
In what follows various materials were studied in 
order to evaluate the chemical factors which influence 
the charge transfer. The study includes metals on 
metals, metals on insulators, and insulators on in- 
sulators. 

Metals on metals. When a metal is brought into 
contact with another metal, a contact potential dif- 
is characteristic of the 
Experiment has shown that 


ference is developed which 
two metals in question. 
this contact potential difference is independent of the 
distance of rubbing, and that it leads to a very small 
net charge transfer. This charge transfer is so small, 
compared with the charges obtained when an in- 
sulator is involved, that the study of metal-metal rubs 
was largely neglected in this work. Charging re- 
sulting from the contact between metal spheres has 
been carefully studied by Harper [12]. 


Insulators on insulators. The study of insulators 


on insulators began with the establishment of a 


TABLE VI. Triboelectric Series * 
POSITIVE 

Wool 
Nylon 
Viscose 
Cotton 
Silk 
Acetate 
Lucite 
Polyviny] alcohol 
Dacron 
Orlon 
Polyvinyl chloride 
Dynel 
Velon 
Polyethylene 
Teflon 


NEGATIVE 
* The chemical nature of the artificial and synthetic fibers 
listed here is given in the Appendix. 





CHARGE (pyc) 








Fig. 26. Charge generated by rubbing various insulators 
on nylon, acetate, and polyethylene as a function of normal 
force. The charge given is that developed on the bottom 
filament. ACE—acetate, DAC—Dacron, NY—nylon, POLY 
—polyethylene, PVA—polyvinyl alcohol, TEF—Teflon, VEL 
—Velon, VIS—viscose. 


triboelectric series. With the apparatus built . for 
this work, polarity of charge was always repro- 
ducible and consistent ; consequently no trouble was 
encountered, and the series given in Table VI was 
formed with no serious difficulties. (The only sign 
reversal observed was that wool, which was originally 
positive to nylon, became negative to it after about 
15 rubs.) 

During the course of the work it was noticed that 
the magnitudes of the charges produced for insulators 
on insulators were in general fairly constant. That 
is, the charge generated when a material at the top 
of the series is rubbed on one at the bottom is not 
much different from that produced when two neigh- 
boring materials are rubbed. To show this, a rough 
experiment was performed in which several insulators 
were rubbed on nylon, acetate, and polyethylene. 
The charge generated was studied as a function of 
normal force, and the results are shown in Figure 26, 
in which the lines are drawn between two experi- 
mental points. An intermediate point was taken 
‘which in general lay on the line. The sign of the 
charge shown is that developed on the bottom fila- 
ment. Although the physical size of the samples 
varied, it is believed the results shown are comparable 
with each other because of the reasons given above 


where it was found that charge transfer is largely 
independent of the apparent area of contact and 
sample form. 

If the charges produced were a strictly additive 
function of the positions in the triboelectric series, 
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the curves in Figure 26 should be arranged in the 
reverse order of their positions in the series and 
should all be lowered comparable amounts as one 
moves from the nylon to the acetate to the poly- 
ethylene. From the results, however, one can con- 
clude that the magnitude of the charge has little 
relation to the difference in positions of the materials 
in the triboelectric series. 

It was thought to be of interest to determine 
whether the extent of drawing materials of the 
same chemical composition influences the polarity of 
charge. Samples available to do this included the 
nylons of draw ratio 1 through 6 used in the re- 
sistance study, six Dacron sample of draw ratio 1 
through 6, six Dynel samples oriented 0% through 
520%, another group of eight Dynel samples oriented 
0% through 700%, and three polyethylene samples. 
In each of these groups the chemical nature of the 
rubbed materials is identical but the state of strain 
and degree of molecular ordering is different. All 
the nylon samples were rubbed on each other, and it 
was found, that for a 45-45 rub, an undrawn nylon 
was always negative toadrawnone. For an example, 
see Figure 6. The drawn nylons of draw ratio 2 
through 6 were indistinguishable from each other as 
far as regards position in the triboelectric series, 
charges of random sign being developed when they 
were rubbed. The behavior upon asymmetric rub- 
bing was reported earlier in this paper. 

A few of the Dacron and a few of the Dynel sam- 
ples were used, but no triboelectric series could be 
established in any of these groups. Behavior on 
asymmetric rubbing followed the usual pattern. 
Among the three polyethylene samples available, a 
self-consistent triboelectric series for the 45-45 rub 
was found with the following order: 


POSITIVE 


Undrawn 0.045-in. diameter (British manufacture) 
Drawn  0.012-in. diameter (U. S. A. manufacture) 
Drawn 0.010-in. diameter (British manufacture) 


NEGATIVE 





TABLE VII. Description of Metals Used in 
Metal-Insulator Experiment 


Photoelectric 
Work 
Function [15 ] 
(ev) 


>6.2 

~4.63 
4.39 
3.60 


Metal 


Platinum 
[ron . 
Aluminum 
Magnesium 


Physical Form 
0.008-in.-diam. wire 
0.008-in.-diam. wire 
0.016-in.-diam. wire 

~1-mm-wide strip 
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Fig. 27. Charge generated by rubbing unscraped metals 
on insulators as a function of normal force. The charge 
given is that developed on the insulator. 
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Fig. 28. Charge generated by rubbing scraped metals on 
insulators as a function of normal force. The charge given 
is that developed on the insulator. 


Metals on insulators. Since the work function of 
a metal measures the difficulty with which a metal 
can lose electrons, one would expect the triboelectric 
series of metals to be determined by their work func- 
tions. No attempt was made to place the metals in 
the triboelectric series of the insulators. An experi- 
ment was performed, however, in which four metals 
were rubbed on three insulators. The metals used 
and their physical forms are listed in Table VII in 
the order of decreasing photoelectric work function 
[15]. The insulators were nylon, acetate, and 
polyethylene. As in the insulator-on-insulator ex- 
periment, the charge generated was studied as a 
function of normal force, and the results are shown 
in Figure 27, in which the lines are drawn between 
two experimental points. In most of the experiments 
an intermediate point was taken which lay on the 

7It was realized that, under the experimental conditions 
employed here, the values of the work functions of the 


metals were undoubtedly not the same as those listed in 
Table VII. In these experiments, however, the order is the 


significant consideration, and it is assumed that the work 
function of the metals decreases in the order listed. 
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Fig. 29. Repeat of experiment shown in Fig. 28. 


line. The sign of the charge shown is that developed 
on the insulator. It was appreciated that in all 
likelihood the surfaces of the metals were contami- 
nated. For this reason other measurements were 
made in which the surfaces were scraped with a 
blade prior to rubbing. 
in Figure 28. 


repeated, using fresh samples, 6 months later. 


These results are 
The same experiment was 
The 
results of the second experiment, shown in Figure 
29, agree quite well with the first, with the exception 
of the fact that platinum is positive to acetate in one 
and negative in the other. This was the only 
polarity reversal found during the course of the work. 
The reason for this reversal is not known. 

The results shown in Figures 27 and 28 are quite 
suggestive in that they show a good correlation be- 
tween the charge generated, on the one hand, and 
the work function of the metal and the position of 
the insulator in the triboelectric series, on the other. 
For the scraped samples, the metals were arranged in 
the order of their work functions; and, for the un- 
scraped, they were almost so ordered. 


razor 
given 


Those metals 
with the lower work functions lose electrons more 
easily, and therefore the insulators are given a larger 
negative charge as the metal work function decreases. 
Those insulators which are lower in the triboelectric 
series accept electrons more easily, and therefore the 
member lower in the series becomes more negative 
than a higher member when rubbed with a given 
metal, — 

By comparing Figure 27 with Figure 28, it can be 
seen that scraping lowers the level of all the curves; 
that is, a scraped metal loses electrons more easily 
than an unscraped metal. This indicates that, for 
these metals, the ‘‘cleaned”’ surfaces have lower work 
functions than the original unscraped surfaces. In 
other experiments involving scraping platinum or 
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gold rubbed on nylon, it was observed that the 
charge produced decreased considerably on scraping 
but built up upon successive rubs or upon waiting 
before rubbing again. It is believed that this phe- 
nomenon is of the same nature as “photoelectric 
fatigue” [36], in which a freshly cleaned metal sur- 
face requires higher and higher frequencies of light 
to cause it to emit electrons as the metal slowly oxi- 
dizes, (1) requiring more energetic photons to cause 
it to emit an electron, and (2) giving a smaller num- 
ber of electrons to the rubbed material. The phe- 
nomenon was quite reproducible and provides some 
further evidence of the relation of the work function 
of a metal to the charge transferred. 

In view of the differences in the physical forms of 
the metals used and the uncertain nature of their 
surface conditions, it is perhaps suprising that the 
results were so satisfactory. However, since the 
physical dimensions of the metals were not radically 
different, and previous indications are that the area 
of contact is less important than normal force in 
controlling charge transfer, the fact that the forms 
of the metal samples were not identical is probably 
not a serious objection. The problem of surface con- 
ditions is so complex that in this work it has so far 
been neglected except for the scraping mentioned. 


Summary 


An apparatus has been constructed to measure the 
sign and amount of electric charge generated when 
two substances are rubbed together. The investiga- 
tion may be divided into two parts: (1) effects pro- 
duced by the mechanics of rubbing, and (2) effects 
produced by the nature of the materials rubbed. 
The results may be summarized as follows. 


Mechanical E ffects 


1. Reproducibility is good, usually within +5%, 
when the same two fibers are rubbed against each 
other. In some cases it takes a large number of 
rubs to establish this degree of reproducibility, and 
the behavior before this point is reached is different 
for different materials. The reproducibility obtained 
when different samples of the same material are used 
is not as good, around +20%. 

2. The charge depends on the manner of rub—the 
orientation of the axes of the filaments with respect 
to the direction of their relative motion—in a way 
described in the body of the report but not easily 
summarized. 
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3. The quantity of charge generated is propor- 
tional to the length of material rubbed if at least one 
insulator is involved. 

4. Charge transfer was found to be independent of 
velocity when insulators other than Teflon were 
rubbed together. For metals on insulators other 
than Teflon, the charge generated was found to 
increase linearly with velocity until a threshold value 
was reached, and then to remain constant. When 
Teflon and metals were rubbed together, the charge 
increased linearly with velocity without reaching a 
maximum. When Teflon was rubbed with insu- 
lators, the charge increased linearly with velocity in 
some cases and was independent of velocity in others. 
The intercepts of the curves at zero velocity in gen- 
eral did not vanish. 

5. The charge increases linearly with normal force 
until a limiting value is reached with some materials, 
but not with others. The intercept of the curve at 
vanishing force in general does not vanish. 

6. The charge generated does not seem to depend 
on the apparent area of contact between the fibers, 
but only on the normal force. 

7. The charge transferred appears to be independ- 
ent of the tension in the fibers. 

8. The net charge transferred decreases with in- 
creasing relative humidity, becoming zero when the 
conductivity of the material having the lower con- 
ductivity becomes greater than about 10-'° ohm"?- 
cm, 


Nature of the Materials 


1. When metals are rubbed on metals, only a small 
net charge transfer takes place. 

2. When metals are rubbed on insulators, there is 
a correlation of the quantity of charge transferred 
with the work function of the metal and the position 
of the insulator in the triboelectric series. 

3. It is possible to establish a reliable triboelectric 
series for insulators rubbed on insulators. Quanti- 
tatively, the amount of charge transferred does not 
seem to depend on the distance apart of the materials 
in the triboelectric series. As long as there is any 
difference in positions, the charges transferred are 
all of the same order of magnitude. 
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Appendix 


Chemical Composition of Artificial and Synthetic 


Materials Used 


Material Composition 
Acetate Cellulose acetate 
Dacron Copolyester of ethylene glycol and tere- 
phthalic acid 
Dynel Vinyl copolymer of acrylonitrile (40%) 
and vinyl chloride (60%) 

Lucite Vinyl polymer of methyl methacrylate 
Nylon Copolyamide of hexamethylene diamine 
and adipic acid 

Orlon Vinyl polymer of acrylonitrile 


Polyethylene 
Polyvinyl alcohol 


Polyvinyl chloride 


Vinyl polymer of ethylene 

Vinyl polymer of vinyl alcohol (made by 
saponification of polyvinyl acetate) 

Vinyl polymer of vinyl chloride 


Teflon Vinyl polymer of tetrafluoroethylene 
Velon Vinyl copolymer of vinylidene chloride 
and vinyl chloride (predominantly 
vinylidene chloride) 
Viscose Regenerated cellulose (viscose process) 
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Air Permeability of Parachute Cloths’ 
M. J. Goglia,? H. W. S. LaVier,’ and C. D. Brown‘ 


Abstract 


The air permeability of 8 standard nylon parachute cloths was determined, using 
samples 6.05 in. in effective diameter. Fifty-nine experimental nylon cloths manu- 
factured by the Bally Ribbon Mills were subjected to the same test procedure, as were 
2 experimental fabrics of Orlon and Dacron, and 4 different samples of wire screen. 

Upon assuming that the pressure gradient in the flow through a parachute fabric 
is proportional to the arithmetic sum of an inertial (Bpv*) and the viscous contribution 
(apv), the existence of a parameter, B/a (whose measure is length), can be inferred. 
This length can be employed to characterize the geometry of the cloth. Experimental 
work to date in the case of the 8 standard nylon cloths, the Orlon and Dacron fabrics, 
14 of the Bally Ribbon cloths, and the 4 wire screen samples indicates a justification of 





the assumption. 


Employing the characteristic length so determined permits writing a single relation 
common to all cloths between a “flow-through-drag coefficient,” Cr, and a Reynolds num- 
ber based on the characteristic length, viz., Cr = 2+ (2/Nre). 

A procedure is suggested for estimating the parameters @ and 8 from physical meas- 
urements for plain-weave cloth; thus an indication of the permeability is predicted from 


construction details of the fabric. 





Introduction 
Statement of the Problem 


The study reported herein was an outgrowth of 
an Air Materiel Command project established at the 
Engineering Experiment Station of the Georgia In- 
stitute of Technology. It was concerned with the 
determination of the air permeability of nylon-type 
fabrics used in the manufacture of parachutes. The 
scope of the project included the experimental deter- 
mination of the air permeability of the various fabrics 
under conditions of pressure differentials across the 
cloth up to 50 in. of water. 

In order to permit the presentation of results in a 
general, nondimensional manner, a characterization 
by means of a length parameter of the geometry of 
the fabric is required. A search of the literature 
indicated that little consideration [2, 22] had been 
given to the characterization of fabrics from a point 
of view of the mechanism of air flow through them. 
Accordingly, an attempt was made, in the case of 
air flow through parachute fabric, to apply analysis 
similar to that employed in dealing with flow through 

1 Presented at the Textile Division Meeting of the Ameri- 
can Society of Mechanical Engineers, Georgia Institute of 
Technology, Atlanta, February 5, 1954. 

2 Professor of Mechanical Engineering, Georgia Institute 
of Technology, Atlanta, Georgia. 

3 Service School Supervisor, Lockheed Aircraft Corpora- 
tion, Georgia Division, Marietta, Georgia. 


4Research Engineer, United Aircraft Corporation, East 
Hartford, Connecticut. 


porous media [1]. A portion of this report deals, 
then, with the analysis and technique employed in 
the determination of the characteristic length for 
parachute cloths. 


Definition of Terms 


The literature indicates a lack of uniformity in the 
use of definitions concerned with permeability and 
porosity. For the sake of clarity the following terms 
are defined at this point. 

Permeability. The time rate of mass flow of air 
per unit projected area of cloth. 

Relative Porosity. Arbitrarily defined as the 
ratio of the velocity of the air upstream of the cloth 
to the theoretical velocity attainable because of the 
pressure drop impressed across the cloth. 

The illustrative sketch herewith and the symbols 
employed serve to implement these definitions. Sub- 





Approach duct 
Fabric holder 
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Nomenclature 
Symbol Quantity Dimensions* 
A Area Lt 
Cy Flow-through-drag coefficient Nondimensional 
Ca Drag coefficient Nondimensional 
d Dimensional constant 124 (in. ft) 
d, Effective diametert A 
dy Width of warp threads L 
dy Width of filling threads L 
G Mass velocity MTL 
L Cloth thickness L 
m Mass flow MT 
Nre Reynolds number Nondimensional 
Pressure FL 
R Gas constant FLM~“¢@! 
Sw Spacing of warp threads Nondimensional 
Sf Spacing of filling threads Nondimensional 
Temperature 0 
V,v Velocity ) i 
z Average value of a quantity 
a Viscous coefficient L* 
B Inertial coefficient i 
. r . ° dy d; 
€ Plane porosity Nondimensional -(1 — *) (1 -<) 
ue Viscosity ML“"T™ 
p Density ML- 
o Solidity Nondimensional = (1 —e) 
o Standard deviation from true value 
P?—P? 
ue 8 
Subscripts 


1 Upstream of cloth sample. 


2 Downstream of cloth sample. 


* The force F, mass M, length L, time 7, temperature @ system is used. 


+ Four times the ratio of open area to wetted periphery. 


scripts 1 and 2 in the sketch indicate, respectively, the 
flow conditions upstream and downstream relative 
to the fabric. 

4 piViA, 


Permeability = 


= 
A, A, 
Ibm 
= V = G - ~ :) 
AYA ? (— ft? 
Relative porosity = —————— 


VP P, — P, 
Pi 


In a more general sense, porosity would be meas- 
urable as the fraction representing void space within 
the volume of porous fabric under consideration ; 
relative porosity is employed here as an index of 
porosity. 

This paper will make reference to 10 Air Materiel 
Command (AMC) fabrics in contradistinction to 
59 Bally Ribbon cloths. The former are identified 
in Table IV, and 38 of the latter in Table V. The 


(dimensionless) 


AMC cloths will be referred to as fabrics No. 1 
through 10 and the Bally Ribbon cloths as fabrics 
BR-1, BR-2, ete. 


, Literature Survey 


An extensive bibliography, dealing with various 
phases of parachute design and performance as ef- 
fected by permeability, appears a‘ the end of this 
paper. The following discussion is concerned with 
certain aspects of these references and their relation 
to the problem at hand. 


Application 
Design 


of Permeability Data to Parachute 


Increased precision. Present-day military and 
civilian operations employing parachutes require a 
higher degree of precision than was possible in the 
past. In order to meet this demand in precision 
bombing and in dropping supplies or parachute 
troops, and to make parachuting safe for untrained 
passengers in general, accurate knowledge of the 
air-permeability characteristics of the parachute fab- 
ric becomes necessary. The length of time for de- 
scent of a parachute depends largely upon the rate 
at which the canopy permits air to pass through it. 
This knowledge, coupled with information on cross 
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currents and initial velocity, allows a more exact 
prediction of the location of the chute and its cargo 
at any time after dropping. The effect of the least 
accurately known variables, the directions and veloci- 
ties of cross currents, is directly dependent on the 
time of descent and, thus, on permeability. 

Reduced shock on opening. At the instant that 
a parachute opens, the pressure developed under the 
canopy is quite high, and the shock is likewise high. 
It has been shown that this shock can be minimized 
by use of a panel of a highly permeable fabric around 
the central canopy vent [31]. A_ strip of low- 
porosity fabric around the hem line has been recom- 
mended as beneficial to good opening characteris- 
tics [46]. 

Stable opening. The spontaneous partial collapse 
of a parachute during descent, termed squidding, oc- 
curs when a certain critical velocity of descent is 
reached. This critical velocity is increased by the 
use of less permeable or porous canopies [32, 41, 
43, 45, 47]. 

Safe loading. The maximum load which a canopy 
will support safely depends on the opening charac- 
teristics and on the drag during the uniform descent 
period. Both of these depend upon canopy per- 
meability [32, 36]. 

Stable uniform descent. Parachutes of certain 
designs tend to pendulate and are dynamically un- 
stable, even in uniform descent. This swinging and 
oscillating can be reduced by the use of high- 
permeability fabrics [43, 46]. 


Air Permeability of Parachute Fabrics 


Approach to the problem previous to this investi- 


gation. The first recorded air-permeability data for 
fabrics appear to be those of Rubner in 1907 [26]. 
Interest in the air permeability of fabrics for use in 
parachutes dates back to the World War I need for 
efficient chutes in large numbers. Permeability of 
cloth in general had been, and still is, of interest to 
the clothing manufacturer and to the lighter-than-air 
ship fabricator as well. Many machines and meth- 
ods [3, 6, 9, 11, 19, 26, 29, 59], most of them as 
simplified as possible, were devised by weavers for 
measuring the tendency of a cloth to permit the 
passage of air or other gases. The calibration [10] 
and the interrelationship of readings from different 
machines [8] are carefully described in the litera- 
ture. Most of these measuring devices utilize vac- 
uum pumps to draw atmospheric air through the 
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fabric at a low-pressure drop across the cloth (about 
10 in., or less, of water). To facilitate the measure- 
ment, the instrument is usually mounted downstream 
from the loom and the measurement made on the 
uncut cloth between the rolls as it leaves the loom 
under tension. 

While this sort of data may be acceptable to the 
garment trade, a higher pressure drop and more 
carefully controlled conditions seemed necessary to 
the parachute manufacturer [2, 15, 18, 30, 31, 35, 
49; 55, 56]. 

Industrial testing. Air permeability, defined as 
the volume of air which will flow through a unit area 
of a cloth under a given pressure head,*® has been 
considered to be, principally, a function of the type 
and looseness of the weave and the yarn twist and 
diameter. It may also vary with texture, the amount 
of carding, extent of felting, etc. |7, 14, 19, 25, 27]. 
The theory was advanced that fabric could be consid- 
ered as a multiplicity of orifices [3, 5, 22, 23, 29], 
and emphasis was placed on the geometry of the 
cloth and its yarns [14, 20, 51, 60]. Presuming 
absolute uniformity of pore size, the theory of models 
was used to make data on the flow of a liquid through 
an idealized pore applicable to air flow through fab- 
ric. Other investigators theorized that fabrics are 
not uniform enough to allow only geometrical con- 
siderations in establishing orifice dimensions |4]. 
Photomicrographic studies discussed in this report 
clearly indicate the random variation in the size and 
shape of pores. 

Statistical variation. The fact that randomness in 
pore dimensions is of such a nature that an average 
value of either porosity or permeability is not ob- 
tained from one sample from one piece of cloth is 
attested to by a report on the statistical variation in 
permeability from one location to another in one 
piece of cloth [16, 17]. This statistical variation, 
determined for several of the weaves employed on 
this project, is of such magnitude as to render any 
single permeability determined doubtful to the extent 
of +15%. 

Geometric concept and theory of models. The geo- 
metrical analogy used by some investigators assumes 
perfect symmetry, whereas it is almost universal 
practice in textiles to use yarns of different denier 
and twist in the warp and weft. A more logical 

5 This is a definition of air permeability employed by 
many; the air volume is measured at a prescribed tempera- 


ture, pressure, and relative humidity. Normally the pressure 
drop impressed across the cloth is 0.5 in. of water. 








ApriL, 1955 


approach appears to follow the theory of flow through 
porous media [1] where, obviously, the dimensions 
of the individual pores and cavities are unknown, 
and yet a characterization of geometry is required. 
Hoerner [2] has indicated that fabric permeability 
data are correlated by a method similar to Green’s 
[1]. 

Cloth deformation. The authors have given some 
consideration to the deformation of the cloth matrix 
under the stress of applied pressure. Results indi- 
cate a greater cloth porosity with increased flow 
through the cloth and an attendant increase in pres- 
sure drop across the fabric. 

Necessity for aerodynamic interpretation. It 
would seem necessary to conclude that the deter- 
mination of the statistical variation of permeability 
in a fabric must precede interpretations of permea- 
bility data, and that aerodynamic, rather than geo- 
metrical, considerations must be followed in estab- 
lishing the basis for prediction of flow properties 
of a cloth. 


Methods and Apparatus for Air-Permeability Deter- 
mination 


Three methods in general use for measuring the 
ability of a fabric to allow passage of air are |26]: 
(1) measurement of the time required for the pas- 
sage of a given volume of air through a given area of 
cloth; (2) measurement of the pressure differential 
required for passage of air at a given constant vol- 
ume rate through a given area of cloth; and (3) 
of flow of air 


measurement of the volume rate 


through a given area under a given pressure 
differential. 

Of the commercially available instruments, the 
Densometer represents the first method; the Fabric 
Porosity Machine, the second method ; and the third 
method, which is the one most generally employed 
in this country is the field of textiles, is followed 
by the Frazier, the Saxl, and the Permeameter 
instruments. 

Densometer (Gurley). The Gurley Densometer 
consists of two self-aligning, coaxial, circular metal 
discs which have standard-sized (1.0 or 0.1 sq in.) 
circular orifices at their centers. The cloth sample 
whose permeability is to be measured is clamped 
between these orifices. A capstan screw clamping 
device permits quick and efficient securing of the 
sample so that no leakage occurs along the face of 
either disc. The upper disc serves as the bottom of 
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a vertical cylinder, 314 in. in diameter and 914 in. 
high, into which telescopes another cylinder closed at 
the top. This upper cylinder weighs 5.0 oz, and its 
walls telescope into an oil-filled annulus which serves 
as a seal between the free-floating and the stationary 
cylinders. The air pressure exerted at the orifice at 
the bottom of the cylinder by the floating cylinder is 
equal to 1.22 in. of water, and, by noting the relative 
elevations of the floating cylinder before and after its 
descent, the amount of air expelled through the ori- 
fice is measured. 

Permeability readings are expressed in terms of 
the time required for the passage of 300 cc of air 
through the standard orifice area under the constant 
head of 1.22 in. of water. 

Fabric Porosity Machine. The Albany Felt Com- 
pany holds a patent on what it calls a “Fabric Poros- 
ity Machine,” in which a low-pressure blower drives 
air through a small measuring orifice and then 
through the test fabric, which is held in pneumatic- 
powered jaws. The back pressure behind the cloth 
at a given flow rate is termed a “fair measure of the 
porosity of the goods to air flow” [29]. 

Saxl apparatus. The Saxl Instrument Company 
produces a machine called the “New 
Tester,” 


Porosity 
which consists of a blower to force air 
through the fabric into a rotameter to measure the 
rate of flow directly [29]. 

National Bureau of Standards (Frazier) apparatus. 
In the Frazier machine the cloth sample is held by 
a clamp horizontally over an orifice at the top of 
one of two airtight chambers, an upper and a lower 
chamber. Air is drawn through the sample into the 
upper chamber, through a standard measuring orifice 
into the lower chamber, and through a suction fan 
out into the atmosphere. Baffles just above the fan 
intake prevent the formation of a at that 


point. Pressure measurements by means of manom- 


vortex 


eters in the upper and lower chambers permit a 
calculation of the rate of flow, and the results are 
expressed in cubic feet per minute of air at a pre- 
scribed temperature, pressure, and humidity passing 
through a given area of cloth under a standard pres- 
sure head of 0.5 in. of water. 

It has been shown on the basis of extensive data 
on many types of weaves that the results of the 
Frazier instrument and the Gurley Densometer can 
be correlated. The relationship obtained was Frazier 
= 507.5/Gurley [8]. 


Permeameter (Gurley). The principle of the 


Permeameter [29] is comparable to that of the elec- 
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trical Wheatstone bridge in that pressures are bal- 
anced to give an accurate determination of permea- 
bility. The apparatus consists of two airtight cham- 
bers and a suction fan. Air is drawn through a fixed 
orifice into the first chamber and out through another 
fixed orifice, thus maintaining a fixed pressure in this 
chamber. The same fan draws air into the second 
chamber through a calibrated micrometer valve of 
the plug and orifice type. A tube connects each 
chamber to a variometer, and the pressures are ad- 
justed to the same value by, the proper setting of the 
micrometer valve. This setting indicates the air 
permeability when the instrument is properly cali- 
brated against standard orifice plates. Air leakage 
between the fabric and the clamping rings is pre- 
vented by maintaining the same vacuum in an annu- 
lar groove around the sample as that on the sample. 

Other types of testing machines. A practical ap- 
paratus, used in Britain and described in Engineering 
(London) in 1939, consists simply of a tube of 
standard cross section over the end of which the 
sample is held by rubber bands. Air is drawn 
through the cloth by a suction pump, and the 
pressure drop required to cause a flow of air of 
1 cu ft/min is measured and termed the “porosity,” 
contrary to the usage of that term in the United 
States to designate the percentage of void space in 
the volume occupied by porous media. 

The Apermeter developed at Lowell Textile Insti- 
tute utilizes a hydrostatic head, developed by adjust- 
ing the elevation of a “leveling bottle” containing 
water, to draw atmospheric air through a cloth sam- 
ple. No provision is made for maintaining a con- 
stant pressure differential across the fabric. The 
developers of the Apermeter have redefined air per- 
meability as the ratio of the times required for a 
given volume of flow with and without a cloth sam- 
ple over the inlet orifice. 

An instrument for the measurement of air perme- 
ability of blankets was designed by Sale and Hedrich ; 
in this the material is stretched across the top of a 
cylinder at a tension of 1% of its breaking load. 
Air drawn through the sample by an aspirator bottle 
arrangement is measured by a wet-gas meter, and 
the pressure drop, by a micromanometer. 


Apparatus 


Three wind tunnels were employed during this 
investigation in order to cover the ranges of flow 
and pressures encountered; only one tunnel will be 
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described. Further details are to be found in [65] 
and [67]. 

The fabric sample, cut approximately as a circle 
at least 9 in. in diameter, was clamped between two 
flanges of the sample holder. In turn, the sample 
holder was mounted in a vertical plane on the end 
of the wind tunnel (which is horizontal). A circle 
of fabric 0.2 sq ft in area was exposed to a flow of 
air from the end of the tunnel; the downstream face 
of the cloth was subjected to atmospheric pressure 
at all times. 

Air drawn from within the Research Building was 
blown into the upstream end of the tunnel through a 
Buffalo Forge Centrifugal Blower, Model 35-1CB, 
with a direct-coupled, constant-speed, 714-hp motor. 
A pressure drop as high as 53 in. of water was 
obtained across the fabric with some of the more 
dense cloth samples ; the pressure drop was measured 
using vertical glass manometers filled with water. 
By throttling the fan intake with a conical plug 
valve, the pressure drop could be varied to any 
value down to less than 1 in. of water. 

The wind tunnel 10 ft long was made up of three 
sections of plastic tubing 5%4 in. in inside diameter. 
Temperature measurements were made by mercury 
thermometers installed at the fan inlet and the tunnel 
outlet. The rate of flow of air was measured by an 
appropriately sized orifice installed in the tunnel 
duct. These were standard sharp-edged orifices de- 
signed according to specifications of the ASME Spe- 
cial Research Committee on Fluid Meters [66]. In 
each installation the orifice was preceded and fol- 
lowed by straightening vanes in accordance with the 
ASME specifications. One-fourth-inch upstream 
and downstream flange-type pressure taps led to a 
micromanometer containing alcohol (sp. gr. 0.790) 
in which the pressure was balanced against the al- 
cohol head in a flexible (rubber) tube. The tube’s 
altitude above the alcohol reservoir level was ad- 
justed by means of a micrometer screw. Since no 
liquid flowed into or out of the tube or reservoir, 
no error was introduced by change in reservoir 
alcohol content. 

The sample holder, designed for this project, con- 
sisted of two round flat flanges of 1-in. aluminum, 
12 in. in diameter, and is shown in Figure 1. A 
hole 6 in. in diameter was cut in the center of the 
upstream flange so that the holder fitted over the 
end of the tunnel tube. A hole 534 in. in diameter 
was cut in the center of the downstream flange ; 
thus the actual area of cloth exposed to flow of air 











Aprit, 1955 





Fig. 1. 


Exploded view of sample holder. 


was 0.2 sq ft. A groove of \-in. radius was pro- 
vided, forming a concentric circle with the hole in 
the center. When clamped between the flanges, the 
fabric is forced into this groove by a ring of 14-in. 
rubber tubing, thus preventing any slippage of fabric 
With 


the sample thus mounted, the flanges were held to- 


when the stress of pressure is applied to it. 


gether by seven bolts; the whole holder assembly 
was clamped in place on a flange on the end of 
the tunnel. 

The tunnel was employed to determine the air 
permeability of the parachute fabrics with pressure 
drop across the cloth not exceeding approximately 
55 in. of water. 


Test Procedure and Method of Handling Data 
Selection of Cloth Sample 


The position on the cloth yardage from which each 
sample was cut was selected as dictated by statistical 
considerations described in the chapter on Statistical 
Analysis of [67]. 


Test Procedure 


Sample mounting procedure. The sample was cut 
with a pair of hand shears and laid flat on the face 
of the upsream flange of the sample holder, which 
was described in the section on apparatus and is 
shown in Figure 1. A removable circle of plywood 
placed in the center hole provided a flat stage for 
the cloth during mounting. A ring of 4-in. rubber 
tubing was laid on the cloth over the groove in the 


flange face. The downstream flange was carefully 
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placed over the other, allowing the 3¢-in. taper pins 
attached to it to center the aligning holes in the 
other flange. The faces of the flanges were then 
pressed together, and, while in this horizontal posi- 
tion, the two flanges were fastened together with 
seven bolts which passed through the upper flange 
and threaded into the lower one. 

The fabric was securely held by the pressure of 
the ring of rubber tubing, and there was no notice- 
able stress applied to the cloth. The statistical 
analysis showed that any effect on the results which 
was due to this technique of mounting, when exe- 
cuted with reasonable care, was negligible. 

Preliminary operations. After the operational pro- 
cedure of placing the sample in its holder had been 
completed, the assembiage was mounted over the 
discharge end of the tunnel. Zero readings were 
taken from the manometers and the thermometers. 
With the plug valve closed, the fan was started and 
allowed to come up to speed. The plug valve was 
then opened quickly, permitting the air flow to the 
cloth sample to be established. 

Data obtained. When the flow had become steady, 
as indicated by the constancy of the static pressure 
upstream of the sample (a steady temperature, ap- 
proximately 125°F, usually obtained downstream of 
the cloth), a record was made of this static pressure 
and the orifice pressure drop, along with the inlet 
and outlet air temperatures. The relative humidity 
of the air in the laboratory was determined by a 
sling psychrometer. 

Similar readings were taken at about twelve dif- 
ferent static pressures distributed over the possible 
range. 

Eight more samples from the same piece of fabric, 
the locations of selected that the 
statistical variation of the fabric permeability would 


which were so 
be represented, were treated in the same fashion as 
the first sample. 

Averaging of data. From the data for each of 
these 9 samples, 9 curves were plotted of the static 
pressure versus orifice pressure drop. The 9 values 
for orifice pressure drop read at various values of 
static pressure were then averaged. This manipula- 
tion gave a set of smoothed data which was pre- 
sumed to represent the fabric statistically. 

Calculations. These statistically corrected data 
were used in a series of calculations described in 
detail in [67]. In the course of these calculations 
the density of the air flowing was obtained, the rate 


of flow through the ASME standard orifice was cal- 
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Relative Porosity, % 





Mass Velocity Upstream of Cloth, lm sec“f¢* 


Fig. 2. Typical relative porosity-permeability 
characteristic for fabrics examined. 


culated, and the velocity pressure upstream of the 
fabric was obtained. 

Correlation of calculated values. The square root 
of the ratio of velocity pressure upstream of the fabric 
to the static pressure upstream was termed the “rela- 
tive porosity,” and its variation was plotted versus 
the mass velocity, G, lbm/sec ft®, of the air upstream 
of the cloth to give a curve characteristic of the 
fabric permeability. The curve in Figure 2 is typical 
and represents this result for the AMC sample fabric 
No. 3, USAF plain-weave white. Plots similar to 
Figure 2 for each of the fabrics concerned are in- 
cluded in [67]; here, we compare the various cloths 
based on relative porosity-air permeability measure- 
ments at 20 in. of water (cf. Table V). 


FILLING DIRECTION 
teeta leet 


00S - 
TA es Te 


A —_ 


NOULIFZAIO DAUM 





Fig. 3. Photomicrograph of AMC fabric No. 1 
(USAF rip-stop finished, white nylon). 
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Photomicrographic Studies 


Appearance 


Plain weave. Photomicrographs at 100 diameters 
were taken of each of the four fabrics supplied by 
the Air Force, of the four Cheney fabrics, and of the 
Orlon® and Dacron’ fabrics manufactured by the 
Duplan Corporation. Figures 3 and 4 are included 
for illustrative purposes; additional photomicro- 
graphs are to be found in [67]. 

The plain weave (white or camouflage-printed) 
appeared to have quite evenly spaced warp and fill- 
ing, with interstices being generally rectangular in 
shape and varying considerably in size. The warp 
showed much less twist than the filling. (The 
Georgia Institute of Technology Textile Laboratory 
reported the warp to be 1 to 2 t.p.i. and the filling 
to be 7 to 8 t.p.i.) The filling in the finished cloth 
was flattened to approximately twice the projected 
width of that of the warp, and the interstices were 
about 114 times as long as they were wide. 

Rip-stop. The white and the orange rip-stop cloths 
were similar in appearance. Except in those photo- 
graphs in which the dense rip-stop lines were shown, 
the appearance of the rip-stop was similar to that 
of the plain weave, as would be expected. 

Twist appeared in the threads of both white and 
orange cloth as an occasional crossing of adjacent 
pairs of filaments rather than an actual twisting 
together of all filaments in one thread. 

Dacron. The photomicrograph of the Dacron fab- 
ric at 100 diameters showed the greater denier of its 


® Du Pont’s acrylic fiber. 
7 Du Pont’s polyester fiber. 
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Fig. 4. Photomicrograph of AMC fabric No. 9 (white 
Dacron bird’s-eye weave, Duplan Corp.). 
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warp and filling, which appeared to be the same size 
and contained more filament per thread than the 
nylon. A supplementary view at 50 diameters 
showed that the bird’s-eye weave caused the pore 
sizes to be irregular and some of the pore shapes 
to be trapezoidal. 

Orlon. The Orlon’s appearance was similar to 
that of the Dacon, i.e., greater denier, more fila- 


ments per thread, and irregular pore size and shape. 


Statistical Analysis 
Necessity for Statistical Analysis 


Since a piece of fabric is the product of many varied 
and separate mechanical operations, its permeability 
(or any other property) is generally recognized to 
be widely variable from sample to sample within the 
same piece of cloth. The problem of determining 
the nature and extent of this variation yields most 
readily to a planned statistical analysis. The statis- 
tical analysis of data from this project was divided 
into three programs. 

Program I. The first program consisted of a 
comparison of the readings of the flow orifice ma- 
nometer for each of 12 samples from the same cloth. 
The variation could occur with the sample location 
in a direction along either the warp or the filling 
threads, or along both, and, in the case of permeabil- 
ity testing, some of the variation may be due to 
mounting technique. In order to produce suitable 
data for such an analysis, the samples were taken 
4 in a row across the cloth width, in 3 rows spaced 
5 yd apart along the length of the cloth. Data were 
taken on each sample at a static pressure of 35 in. 
of water, and then the cloth was allowed to “relax” 
for exactly 24 hr, after which each determination 
was repeated. 

The original data shown in Table I were analyzed 
for the significance of the main effects and for all 
possible interactions of these main effects. The 
analysis showed that variation due to mounting, the 
procedure for which is described earlier, was not 
significant. While the variation along the filling 
(across the cloth width) was considerable (13%), it 
was much less than that along the warp (66%). 
The analysis of variance showed the interaction of 
main effects (warp and filling variation) yielded a 
17% contribution; an additional 4% residual effect 
was calculated. The average of the values for sam- 
ples taken in a row across the cloth was found to 
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TABLE I. Statistical Data—Program I * 
Orifice Manometer Reading 
(in. of water) 
Values of -—— 
Flowt Wit W2 W3t 
Fi Mi 3.99 2.63 2.46 
M2 3.93 2.73 2.42 
F2 Mi 4.37 3.23 2.63 
M2 4.31 3.26 2.63 
F3 Mi 4.30 3.34 2.61 
M2 4.14 3.33 2.17 
F4 Mi 3.74 3.06 2.65 
M2 3.73 3.03 2.71 
* Static pressure constant at 35 in. of water. 
1 F is position across the cloth (filling variation). M is 


replication (=2) of data (due to remounting). 
t W is position down the cloth (warp variation). 
W1 = 0 yd, W2 = 5 yd, and W3 = 10 yd. 


correspond to the value for any sample located at a 
point one-quarter of the cloth’s width in from either 
selvage. This is in agreement with the findings at 
the British Ministry of Supply [16]. 

Program II. The variation along the warp was 
shown to be the most important, but the analysis had 
been based on only three sampling positions. In 
order to determine more accurately the pattern and 
the extent of this variation, data were obtained from 
22 samples of plain-weave cloth, taken 9 in. apart 
along the length of the cloth, the center of each 
sample being 9 in. from the selvage edge of the 36-in. 
width. The 22 samples were divided into 3 groups 
by location, each succeeding group being separated 
from the last by 3 yd. All data were taken at static 
pressure of 35 in. of water. 

The values of the flow orifice pressure differential 
for Group 1, consisting of 10 samples, were in the 
ranges 3.25 and 3.80 with an average value of 3.5. 
Assuming that their values are “normally” distrib- 
uted, 95% of repeated measurements should be be- 
tween 3.0 and 4.0 (#+2¢,, or 3.54+ 0.5). In 
Group 2 (6 samples) the average value was 3.41 and 
the standard deviation was 0.48. This change in 
characteristics was attributed to the noticeable and 
abrupt change in the appearance of the fabric occur- 
ring in that portion of the cloth from which these 
6 samples were taken. For the 6 samples of Group 
3, the standard deviation was again 0.25, the same 
as for Group 1. The value of the mean, somewhat 


Table IT 


lower than either other group, was 3.16. 
is a summary of the above results. 





TABLE II. Statistical Results—Program II 


Average Orifice 
Pressure, 
(in. of water) 


Number of 
Samples 

10 3.50 

6 3.41 

6 3.16 


Standard 
Deviation 
0.25 


0.48 
0.25 


Group 


The data for each of the 3 groups were subjected 
to an “analysis of variance.” The variance between 
groups was shown to be not significant; therefore, 
an overall average and standard deviation is proper. 
These values proved to be 3.39 and 0.35, respectively. 
The following 95% confidence intervals were com- 
puted. 

Number of Per Cent 
Random Samples Deviation 


1 20.4 
4 10.4 
9 7.0 
16 5.2 
25 4.2 
36 3.5 


Practical economics suggested a program of 9 ran- 
dom samples, which should assure that, at worst, 
their mean value will be within +7% of the true 
average value for 95% of the determinations. 

It is recognized that more than 3 groups for the 
analysis of variance might have revealed a small but 
finite variation. For this reason it was recommended 
that the 9 samples be taken from as widely separated 
positions as possible, including the entire piece 
available for testing. 

Program III, In an attempt to indicate the order 
of magnitude of the variation due to the type of 
weave, a third program of statistical work was per- 
formed in which 9 random samples from 10 different 
cloths of 4 different weaves were considered. The 
average flow orifice manometer reading (in inches of 
water), taken at static pressure of 40 in. of water 
for each cloth, and the standard deviation of each are 
presented in Table III. The average and standard 
deviations show lack of control, and there is sig- 
nificant variation in both average level and variabil- 
ity from cloth to cloth. 


Limitations in the Analysis of Samples 


It should be emphasized that in this work the 
representation of any one weave is by fabric from 
one loom in one mill. This fact limits the generali- 
zations, based on results obtained, to comparison of 
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TABLE III. Statistical Results—Program III 


Average Orifice 
Number of Pressure, 
Samples (in. of water) 


10 4.091 
3.677 

3.468 

2.066 

2.802 

9.100 

3.600 

13.194 

2.459 
3.907 


Standard 
Deviation 


0.302 
0.287 
0.244 
0.191 
0.1225 
0.579 
0.388 
0.996 
0.113 
0.244 


Group 


Se eONHAM EWN 


— 


these individual pieces of cloth, or to other pieces 
from the same loom if that loom were to be again 
operated under the same statistical quality control. 

In view of these facts, conclusions are limited to 
the sample cloths supplied and application to each 
general type of cloth is not justifiable because of the 
very real possibility of significant variation in the 
permeability of the products of different looms, dif- 
ferent mills, etc., manufacturing the cloth of the same 
weave, denier, twist, threads per inch, etc. 


Air-Permeability Results 
AMC Cloths 


Description of samples. Table IV serves to pro- 
vide identification for this set of 10 fabrics, using 
the designations fabric No. 1 through 10; the physi- 
cal and textile properties for the cloths are recorded, 
using the indicated designation. 

Summary data and results. Figure 5 represents 
the graphical summary of the relative porosity-per- 
meability characteristics for the 10 AMC cloths; 
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Fig. 5. Relative porosity-permeability characteristics for 
the 10 AMC fabrics. 
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TABLE IV. 


Fabric number 1 2 3 4 


Actual width (in.) 37% 3634 36% 36146 
Construction 120X117 126X117 12776 = 126X77 
Warp Yarns 
Denier 
Filaments 
Diameter* 
‘Filling Yarns 
Denier 
Filaments 
Diameter* 
Weight 
oz/yd? 
oz/yd 
Grab Break (Ib) 
Filling 
Warp 
Elongation (%) 
Filling 
Warp 
Twist 
Warp 
Filling 
Thickness (in.) 
Densometert (Gurley) 


30 
10 
0.00505 


30 
10 
0.00483 


40 
13 
0.00533 


40 
13 
0.00531 


30 
10 
0.00788 


30 
10 
0.00836 


70 


34 
0.0118 


70 
34 
0.0121 


1.03 1.05 1 
/ 7 1 


AS 
AC 

86.8 9.3 
74.6 2.4 


44.9 
35.3 


32.6 
33.2 


1.2 
8.0 
0.00337 


5.17 


1.1 

8.5 
0.00362 

5.46 


9.0 
0.00245 


7.53 


9.0 
0.00246 
7.30 


Plain 
weave 
Finished 
(Nylon) 
White 


Plain 
weave 


Type and color Rip-stop 
Finished 
(Nylon) 
White 


Rip-stop 
Finished 
(Nylon) 
Orange (Nylon) 
Camou- 
flage 

* Diameter obtained from photomicrographs (inches). 

+ Thickness gage readings. 


Appendix C, Part 1, reference [67], contains the 
tabular summary of data from which Figure 5 
prepared. 


was 


In view of the nature of the definition of relative 
porosity and its relation to mass velocity upstream 
of the cloth, the loci of points corresponding to a 
constant static pressure drop across the cloth are 
straight lines through the origin of coordinates. The 
loci for constant static pressure drops of 50, 20, 10, 
and 5 in. of water column are indicated. Evident 
from the presence of these loci on the porosity- 
permeability plot is the indication that an increase 
of pressure differential across a fabric causes a re- 
orientation in the order of increasingly porous (and 
therefore permeable) fabrics. For example, at 5 in. 
of water static pressure drop in the order of increas- 
ing porosity, one finds the sequence 4, 2, 5, 9, 1, 7, 
3, 10, 6, 8, whereas‘at a 50-in. drop the ordering 
becomes 4, 9, 5, 2, 7, 10, 1, 3, 6, 8. The explana- 
tion for this reorientation has not been established. 


Bally Ribbon Cloths 


Description of samples. The Air Materiel Com- 
mand furnished the investigators with 59 nylon rib- 
bon cloths; these had been manufactured by the 


Finished 


Physical and Textile Properties of AMC Cloths 


5 6 7 8 9 


39% 37 34% 
11872 122X119 68 X68 


10 
36% 


125 X74 


39 % 
116X117 


36% 
51x50 


40 
13 
0.0052 


40 
13 
0.00547 


30 
10 
0.00557 


30 
10 
0.00442 


150 
60 
0.0112 


200 
80 
0.0131 


70 
34 
0.0110 


70 
34 
0.0107 


30 
10 
0.00812 


30 
10 
0.00743 


150 
60 
0.0125 


200 

80 
0.0170 
1.50 


0.98 2.88 


1.49 


1.04 2.63 


95. 58.8 
96. 5 

43.: 
45. 


7.5 36.5 

31.0 22.2 13. 30.5 
1.0 
8.0 

0.0034 


5.95 


0.9 

8.5 
0.00398 

3.17 


0.8 0.7 8 5.5 

7.0 8.4 8 6.0 
0.00225 0.00279 0.00526 0.00663 

7.84 3.08 6.94 5.34 


Plain 
weave 
Finished 
(Nylon) 


(White) 
Rip-stop 
(Nylon) 
Finished 


(White) 
Plain 
weave 
Greige 
(Nylon) 


(White) 
Rip-stop 
(Nylon) 
Greige 


(White) 
Dacron 
Plain 
weave 


(White) 
Orlon 
Plain 
weave 


t Time (in seconds) for the passage of 350 cc of air under static pressure of 1.22 in. of water gage. 


Bally Ribbon Mills and were prepared by incorporat- 
ing different weaves, threads and picks per inch, 
different deniers of warp and filling threads, and 
combinations of these. Each bolt of cloth was 9 in. 
wide with selvage at each edge; the lot ranged from 
quite dense fabrics to rather open weaves of fine 
thread. All samples had been subjected to identical 
mill finishing processes ; accordingly, no contribution 
to permeability variations was expected from this 
source. A summary of the specifications of the cloth 
as furnished by the Air Materiel Command is given 
in Table V; 38 cloths are reported upon here, the 
21 others were of no interest as parachute fabrics. 
Statistical considerations. The same statistical 
considerations apply to the ribbon material as were 
proposed for the fabrics 36 in. wide. The test equip- 
ment required a sample at least 9 in. in diameter 
with an area of 0.2 sq ft of cloth exposed to air flow ; 
accordingly, there was no possibility of effecting a 
study of permeability variation in the filling direc- 
tion. Each cloth sample, therefore, was assumed to 
represent the average permeability as concerns varia- 
To introduce the effect of 
variations in warp direction, again as with the stand- 


tion in filling direction. 


ard cloths, 9 samples were taken at intervals of 5 yd. 





TABLE V. 
Relative 
Porosity 
(at 20 in. 
of water) 


17.9 
16.8 
23.3 
17.4 
18.7 
15.8 
20.8 
18.5 
17.7 
19.2 
17.7 
15.4 
10.8 
8.25 
10.6 
7.72 
11.2 
7.38 
10.6 
7.03 
22.1* 
18.4* 
22.6* 
18.7* 
26.7t 
22.3 
7.14 
4.28 
6.25 
4.71 
5.48 
3.79 
11.9 


Yarn Denier 





Number Warp 


30/10 
30/10 
30/10 
30/10 
30/10 
30/10 
30/10 
30/10 
40/13 
40/13 
40/13 
40/13 
40/13 
40/13 
40/13 
40/13 
60/20 60/20 
60/20 60/20 
60/20 60/20 
60/20 60/20 
70/34 70/34 
70/34 70/34 
70/34 70/34 
70/34 70/34 
70/34 70/34 
70/34 70/34 
70/34 100/34 
70/34 100/34 
70/34 100/34 
70/34 100/34 
70/34 100/34 
70/34 100/34 
100/34 100/34 

7.62 100/34 100/34 

9.39 100/34 100/34 

5.81 100/34 100/34 
45 10.1 100/34 100/34 
46 6.56 100/34 100/34 


Filling 


30/10 
30/10 
30/10 
30/10 
40/13 
40/13 
40/13 
40/13 
40/34 
40/34 
40/13 
40/13 
60/20 
60/20 
60/20 
60/20 


Centaur wne 


* Interpolated value. 
+ Extrapolated value. 


Data and results. The relative porosity-permeabil- 
ity results* for the 38 Bally Ribbon samples are 
presented in Table V. 

In order to facilitate the making of comparisons 
among the remaining 38 cloths, the relative porosity- 
permeability curve for each of the samples was pre- 
pared. Furthermore, the relative porosity at a pres- 
sure differential of 20 in. of water was abstracted 
from the individual curves; this value can be used 
to indicate a measure of comparison among the 
various weaves. 

The effect of thread count variation on relative 
porosity can be abstracted from the data of Table V ; 


8 Reference [67] includes graphs giving the relative poros- 
ity-air permeability variation for each fabric. 
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Identification of 38 Bally Ribbon Cloths 


Actual Thread Count per Inch 





Weight 

(oz/yd?) 
1.05 
1.08 
1.03 
1.09 
1.12 
1.20 
1.08 
1.15 


Weave Warp Filling 


Plain 135 113 
Plain 133 122 
2/1 Twill 132 113 
2/1 Twill 133 125 
Plain 134 99 
Plain 137 110 
2/1 Twill 136 94 
2/1 Twill 135 103 
Plain 119 85 1.192 
Plain 118 83 1.175 
Plain 122 95 1.21 
Plain 123 105 1.24 
Plain 123 75 1.30 
Plain 125 87 1.40 
2/1 Twill 124 75 1.28 
2/1 Twili 125 86 
Plain 100 75 
Plain 102 84 
2/1 Twill 101 75 
2/1 Twill 101 85 
2/1 Twill 88 66 
2/1 Twill 88 78 
2/2 Twill 89 69 
2/2 Twill 91 . 71 
5-H Satin 93 70 
5-H Satin 92 80 
2/1 Twill 91 69 
2/1 Twill 91 78 
2/2 Twill 92 68 
2/2 Twill 90 77 
92 73 
94 80 
79 57 
79 66 
81 57 
79 69 
82 57 
81 67 
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clearly, in each of the successive pairs of samples the 
two cloths differ only in the measure of thread count 
in the filling. In general, one observes that, upon 
increasing the filling thread count, the relative poros- 
ity is decreased regardless of weave, denier, and 
warp thread count. 

The effect of filling thread denier variation on the 
relative porosity can also be inferred from Table V. 
Here increasing the filling yarn denier generally 
lowers the relative porosity. 
the relative effect of weave; some indication of this 
effect can be observed among the plain 5-harness 
satin, 2/1 twill, and 2/2 twill weaves. 

A subsequent report considers an explanation for 
the variations indicated. 


One can also observe 
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Characteristic Length Study 
Theory 


The complexity of the geometry of a parachute 
cloth precludes the prediction a priori of its permea- 
bility from analytical considerations of fluid mechan- 
ics. Such geometric difficulties are found to be 
similar to those arising in the fields of chemical 
engineering and mechanical engineering, wherein 
such problems as the flow of fluids through packed 
beds of particles, sweat cooling, and boundary layer 
control are considered. In the case of parachute 
cloths, attempts [22] have been made to consider 
the cloth as a series of orifices, and a correlation 
based on orifice discharge coefficients has been sug- 
gested. Others |4] have attempted to consider the 
geometry of the cloth utilizing fabriclike structure 
and observing flow photographically ; these conclude 
that a similarity can only be postulated if an ap- 
plicable linear dimension is determined. Hoerner 
|2] argued that, if a Reynolds number could be 
prescribed for a flow through a cloth, then at low 
values of the Reynolds number viscous forces pre- 
dominate, and at high Reynolds numbers dynamic 
forces control. Lacking in each of these presenta- 
tions is any suggestion as to the appropriate length 
parameter that might be employed to characterize 
the geometry of the cloth. Green and Duwez [1], 
in considering the flow of fluids through porous 
media, obtained a measure of success in character- 
izing porous media through the assumption that the 
pressure gradient at an interior point of the flow is 
due to the presence of inertia and viscous contribu- 
tions combined linearly. In particular they argue 
that the gradient takes the form 


_ = apv + Bpv* (1) 


where —(dP/dx), a positive quantity, is the space 
rate of pressure decrease in the direction of flow ; here 
a viscous coefficient, a, has dimension negative two in 
length (L~*), and £8, the inertia coefficient, has di- 
mension negative one in length (L'). a and B 
might conceivably represent, respectively, wall effect 
and successive channel expansions and contractions 
per unit length of passage. If this same assumption 
is employed in the consideration of air flow through 
parachute cloth and, furthermore, if changes in cloth 
geometry brought about by air loading are considered 
negligible, then the momentum equation written to 
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include momentum effects on a macroscopic scale 
becomes 


dP + apv dx + Bpv? dx + pudv = 0 (2) 


Now, multiplying through by p, and by defining the 
mass velocity, G, as equal to the product pv, equation 
(2) becomes 


pdP + apG dx + BG? dx + Gp d(G/p) (3) 


Furthermore, the assumption is made that G is inde- 
pendent of « and that the gas has the equation of 
state p = P/RT; equation (3) becomes 


RT dP + apG dx + BG? dx — G dP P = () (4) 
Integration of equation (4) under isothermal condi- 
tions over the flow length, L, taken here as the cloth 
thickness, gives 


P2—P? | 1, P rev 
- = a(2uRT)G + (6 + L In 5) 2RTG (5) 


Examination of data in the light of equation (5) 
appears to indicate that B > (1/L) In (P,/P,) ; ac- 
cordingly, equation (5), for the purpose of this study, 
takes the form 


Pi— Pit 


L = aluRTG + B2RTC (6) 


Neglecting the contribution of the term of measure 
[(1/L) In (P,/P,)2RTG*] is tantamount to saying 
that the momentum effects on a macroscopic scale are 
negligible, and, accordingly, integration of equation 
(1) under the restrictions G constant, p = P/RT, 
and isothermal flow would have given equation (6), 
directly. 

Now the Reynolds number for the flow through 
the cloth can be inferred from its definition as the 
ratio of inertia to viscous forces at a point in the 
flow and from the significance of the terms in equa- 
tion (1), viz., 


Inertia force _ Bpv _ BG/a 
Viscous force au m 


Nre - (7) 
where 8/a, whose measure is length, is now under- 
stood to characterize the geometry of the flow through 
the interstices of the cloth. Furthermore, from equa- 


tions (1) and (6) one can infer the existence of a 





Mass Velocity Upstream of Cloth, tem sectf* 


Fig. 6. Typical pressure square gradient-mass velocity 
characteristic (data for AMC fabric No. 1, USAF rip-stop 
finished, white nylon). 


dimensionless coefficient of flow-through resistance 
as the ratio of the sum of inertia and viscous contri- 
butions to the inertia term, viz., 


dP VP 1VP 
BL 


— 


BRIG: 


Should the flow be confined to the viscous regime 
entirely, then equation (8) reduces to 


2 


ie 


(9) 
Similarly, if inertia effects predominate, then equa- 
tion (8) becomes 


C; =2 (10) 


Accordingly, for the range of flows considered, equa- 
tion (8) may now be written as 


C) = 3 


m4 


(11) 
This equation, then, describes completely the hydro- 
dynamic behavior for the air flow through the para- 
chute fabric hypothesized to have negligible defor- 
mation over the range of flows considered. 


TEXTILE RESEARCH JOURNAL 


y, lof sec #F* 
> . 
& 





Fig. 7. Typical ¥, mass velocity characteristic for Bally 
Ribbon fabrics (data for fabric BR-l white nylon plain 
weave). 


Determination of the Parameters a and B 


The parameters a and B can best be determined 
from the experimental data if a new variable y is 
defined as 

vr" 


y= IRTG (12) 


with the result that equation (6) can be rewritten in 
terms of y to give 


Y = aly + BLG (13) 


Clearly y is observed to be linearly dependent upon 
G, the mass velocity ; further, a and @ are related to 
the intercept and slope of the (y, G) plot. Further, 
only two sets of values of y and G are necessary to 
establish the linear relation. 

The above equations are derived for a fixed geom- 
etry, and it is assumed that a and £ are related to 
the geometry of the cloth and independent of flow 
velocity. Thus the equations would be applicable 
only to fabrics when deformation of the cloth is 
negligible and velocity effects are negligible. In all 
probability, this empirical relation will not hold in 
a flow through a lightweight fabric. 


Experimental Results 


Experimental data for a series of 10 AMC para- 
chute cloths, a group of 14 ribbon cloths woven by 
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Fig. 8. Typical ¥, mass velocity characteristic for sieve 
screen (data for No. 100-mesh screen). 


the Bally Ribbon Mills, and 4 standard sieve mesh 
screens were examined in the light of equation (6) 
or its linearized equivalent form, equation (13). 
Figures 6, 7, and 8 are representative of the varia- 
tions observed in view of the equations suggested. 
Table VI summarizes the empirical values for a 
and ~. 

It has not been established whether deformation 
of the cloth or change in flow pattern around threads 
and through the interstices (or a combination of 
these effects) is the cause for the deviation of the 
experimental points from the linearity relation. 
Since the data for the screens exhibit the same 
tendency, it is surmised that the deviation effect is 
more likely due to flow effects. 


Permeability Prediction Study 


The value of permeability predictions. One of the 
needs of the designer of textile materials for use as 
parachute fabrics is some means of predicting the 
permeability of a fabric before it is woven in order 


TABLE VII. Physical Dimensions of Fabrics 


L 
(103 in.) 


BR-1 3.4 
BR-2 3.3 
BR-5 4.0 
BR-6 3.9 
BR-9 3.6 
BR-10 3.6 
BR-11 4.1 
BR-12 3.9 
BR-13 4.1 
BR-14 4.1 
BR-17 4.0 
BR-18 4.0 


Sw 


(10-4 in.) 


8.93 
8.33 
10.0 
9.26 
11.8 
12.2 
10.4 
9.35 
13.2 
11.4 
13.3 
11.4 


Number 


Se 
(10-3 in.) 


7.41 
7.35 
7. 
7. 


309 


TABLE VI. @ and 6 Values for Fabrics and Screens 
B/a 
(10~¢ ft) 


33.2 
30.2 
30.0 
34.3 
30.2 
39.8 
32.3 
46.3 
48.5 
30.2 
25.6 
28.0 
56.4 
3700 217 
42.5 17.4 
1.65 16.0 10.0 
1.58 16.0 10.7 
1.28 9.2 7.70 
AMC 1 1680 626 36.2 
AMC 2 2310 417 18.0 
AMC 3 801 278 34.6 
AMC 4 1410 453 32.0 
AMC 5 1580 326 20.6 
AMC 6 211 122 57.7 
AMC 7 1240 382 30.6 
AMC 8 269 131 48.9 
AMC 9 333 378 115.0 
AMC 10 230 147 64.0 


Number 


BR-1 
BR-2 
BR-5 
BR-6 
BR-9 
BR-10 
BR-11 
BR-12 
BR-13 
BR-14 
BR-17 
BR-18 
BR-30 
BR-40 
100-mesh 
150-mesh 
200-mesh 
270-mesh 


B 
(108 ft-) 


66.2 
75.5 
49.5 
69.3 
56.2 
50.5 
1.58 51.0 
1.84 85.2 
2.70 131 
5.80 175 
4.15 106 
8.10 227 
4.22 238 
17.1 
2.55 


a 
(10° ft-*) 
1.99 
2.50 
1.65 
2.02 
1,83 
1.27 


that a suitable combination of weave and texture 
may be selected. If the parameters a and 8 could be 
approximated from the thread dimensions and weave, 
a reduction could be made in the number of experi- 
mental fabrics that would have to be woven in order 
to obtain the desired combination of strength and 
permeability. 

Description of samples. The samples used in this 
study were the 12 plain-weave ribbon cloths and the 
4 wire screens; that is, the selection was limited to 
plain-weave specimens. 


d 


w d € d 
(10-4 in.) 


4 . 
(107 in.) (dimensionless) (10-3 in.) 


0.13 0.36 
0.11 0.29 
0.14 0.42 
0.12 0.32 
0.15 0.55 
0.16 0.65 
0.16 0.56 
0.14 0.47 
0.090 0.27 
0.054 0.12 
0.071 0.21 
0.038 0.078 


AMM una uh me Nw hd 


NSN nunnnnwndl:éd 
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eCooouwunqaanann 
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TABLE VIII. Physical Dimensions of Screens 
Mesh € 
Number L Sw=S;  dy=d; (dimen- d, 
perInch (10-*in.) (107-%in.) (10-%in.)  sionless) (107% in.) 
100 10.0 10.0 4.5 0.302 5.5 
150 5.8 6.7 2.6 0.373 4.1 
200 4.8 5.0 2.1 0.337 2.9 
270 3.2 3.8 1.6 0.305 2.1 
Measurement of thread widths. The thread 


widths were obtained by measuring the width of 
10 adjacent threads with a filar microscope. A\l- 
though the individual threads varied by as much as 
100%, the average width of 10 adjacent threads 
seldom varied by more than 15%. The mean value 
of the thread width for a particular denier was as- 
sumed to be the average of 10 such measurements 
taken from a number of samples of that denier. All 
threads of the same denier and twist were assumed 
to have the same dimensions regardless of the thread 
spacing. These dimensions together with the thread 
spacings and fabric thicknesses are shown in Table 
VII. The physical dimensions of the wire screens 
as given by the manufacturer are shown in Table 
VIII. 

Relation between the fabric geometry and a and B. 
In the derivation of the general flow equation (6) 
the geometric constants which characterize the flow 
were included in the constants a and 8. These geo- 
metric constants include a length d, (which is a 
measure of the effective diameter of the pore open- 








7o~ / 


£6 «/0 snches 


Fig. 9. Relation of a to fabric geometry. 
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ing) the plane porosity «, the fabric thickness L, and 
the surface roughness of the fibers e/d. Since all the 
fabrics used in this study were nylon, it will be 
assumed that the value of e/d is the same for all. 
Under these assumptions a and £ are functions of 
the effective diameter d,, the plane porosity «, and 
the thickness L. 

The relations among these variables which have 
some semblance of continuity for both fabrics and 
screens are of the forms 


aL F\(d.e€) 


(14) 
and 


BL = Fi(e) (15) 


where F, and F, are unknown functions of the indi- 
cated variables. A negative slope of approximately 
1 in Figure 9 indicates that the function F, is the 
reciprocal of its argument ; i.e., L is inversely propor- 
tional to dye. 

The functional relation between BL and « is not 
clearly defined in Figure 10. For Reynolds numbers 
above 1000, Hoerner [2] finds the relation between 
the drag coefficient Cg and the solidity gy of round- 
wire screens to be 


Ci =_* 
‘(1 = ¢) 


where gy = 1 —«. If this relation holds in the pres- 
ent case, the BL, « relation is 


1/1—e 
=H) 


(16) 





(17) 
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Fig. 10. Relation of 8 to-fabric geometry. 








Apriz, 1955 


This equation, which is shown as a solid line in 
Figure 10, fits the data fairly well for the screens 
and open-weave fabrics, but it does not agree with 
the data for the less porous fabrics. If this relation 
holds for both the low range and the high range of 
flow, it implies that the slope of the (y, G) curve 
assumes its original value in the high range. 

In the less porous fabrics the error in the measure- 
ment of the thread widths is greatly magnified in the 
calculated values of « and d,. Furthermore, as the 
number of threads per inch is increased, the point is 
reached at which there is no visible projected open 
area, but small openings are visible when the fabric 
is viewed from an acute angle. For these reasons 
it may be necessary to limit permeability predictions 
to the more open-weave fabrics. 


Conclusions 
The following conclusions may be drawn: 


1. The flow of a fluid through fabrics can be char- 

acterized by the dimensionless relation 
2 
we Ys 

2. The upper limit of the range for which this 
equation is valid cannot be fully determined from 
the data available in this study. 

3. The relation loses universal validity because a 
and 8 appear to become variable functions of the 
velocity of flow. 

4. The (y, G) relation permits the determination 
of the parameters a and £ from only two flow 
measurements. 

5. An approximate estimate of the values of a and 
8 may be obtained from physical measurements of 
the cloth. 
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Abstract 


Amino acid analyses of normal wools of several breeds and geographical origins 
are presented as evidence of the normal variation of composition. Some samples were 
from lots used for detailed comparative studies of fiber properties and processing behavior. 
A mohair sample was found to be similar to wool in composition. 

White Leghorn chicken feather keratin differed from wool in yielding larger amounts 
of serine and proline. Feather had characteristically smaller amounts of cystine and 
glutamic acid. 

Heterogeneity of wool and feather keratins was shown by differences in amino acid 
composition of fractions prepared by treatment with acid, by mechanical separation, or 
by partial solubilization in aqueous alcohol. Feather differs from wool in having readily 
separable fractions differing greatly in content of histidine, lysine,.and methionine. 


These fractions also differ appreciably in their content of several other amino acids. 


Introduction 


The composition of wool [32] as of other keratins 
[8] is recorded with a variation of several per cent 
of the total weight for many of the constituent amino 
acid residues. The various analyses are often not 
directly comparable because of the continuing de- 
velopment of analytical methods. Although attempts 
have been made to relate composition to fiber quality, 
comparisons have usually been limited to sulfur and 
cystine contents of wools characterized mainly by 
breed and fineness. Subjective appraisals of proc- 
essing qualities have sometimes been reported, but 
no extensive analytical characterization of normal 
wools has been achieved. 

The main purpose of this paper is to report com- 
parative microbiological amino acid analyses of sam- 
ples of normal fine and medium wools of domestic 
and foreign origin from lots that have been subject 
to detailed comparison as to fiber properties and 
processing behavior. Analyses are also given for 
two additional samples of domestic fine wool, a 
commercial lot of medium wool, and samples of 
adult mohair and feather. These give further evi- 
dence of the range of composition that may be ex- 
pected among normal wools and of analytical differ- 
ences and similarities among keratins of different 
origin. 

Finally, some results are presented showing less 
complete amino acid analysis of fractions prepared 
from a single lot of wool after acid treatment or 
crushing and from feathers by mechanical separation 


r 


1U. S. Department of Agriculture, Albany, California. 


or by two solubilizing procedures [41] in aqueous 
alcohol. Such data are of interest because they give 
a basis for estimating to what extent variations in 
keratin composition may be due to differences in 
proportions of constituents of constant composition. 


Experimental 
Source and Preparation of Whole Keratin Samples 

The wools with which this study is mainly con- 
cerned consisted of four lots comprising medium and 
fine wools of domestic and foreign origin. These 
wools have been used in comparative processing 
studies [9, 11, 28, 38, 40] by the Textile Research 
Institute and the Forstmann Woolen Company under 
contract with the U. S. Department of Agriculture. 
The domestic medium wool designated WC-5 was 
a blend of 58’s fineness of Targhee, Corriedale, and 
Columbia wools grown at Dubois, Idaho. The 
domestic fine wool, WC-4, of 64’s fineness, was 
from Dubois Rambouillets. The foreign medium 
wool, WC-2, consisted of a blend of New Zealand 
Corriedale and crossbred wools. The sample used 
in studies at this laboratory had been regraded into 
portions of 58’s and 60’s fineness, which were 
analyzed separately. The foreign fine wool, WC-3, 
was of 70’s fineness from Australian Merinos. These 
contract wools were scoured with benzene, ethyl 
alcohol, and water. 

Preliminary analyses were made of a New Zealand 
Merino-Rambouillet crossbred wool grown at Davis, 
California. This was scoured under laboratory con- 
ditions using soda and a sulfonate detergent. A 
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New Zealand Merino wool grown at Yorkville, 
California, was also analysed. In this case the tips 
were removed and the sample was extracted suc- 
cessively with ether, acetone, ethyl and methyl alco- 
hols, and water. This sequence was used because 
the sample also served as a control for studies of 
chemical modification [19]. The wool (Tryon) used 
in the fractionation experiments was a medium wool 
of commercial grade and unspecified origin obtained 
directly from a local processor. This wool was 


scoured in the plant by the customary soap-soda 
procedure. ' 
The mohair used was a shoulder sample represent- 


ing 12 months’ growth of a mature doe from a small 
herd of Angora goats maintained at State College, 
New Mexico. The mohair was scoured by extrac- 
tion with benzene, carbon tetrachloride, ethyl alcohol, 
and water. The mean diameter was 34 p», with a 
variation, in ten fibers, from 27 to 39 p. 

The feathers used were white Leghorn body 
feathers from a local processing plant. These had 
been scalded to assist plucking and were further 
washed in hot water and in ethyl alcohol at room 
The extraction with alcohol was 
omitted before the autoclaving treatment described. 


temperature. 


Preparation of Keratin Fractions 


The commercial medium (Tryon) wool was frac- 
tionated by two methods. In the first, 100 g of wool 
was soaked 48 hr at room temperature (25°C) in 
3 liters of 6 N hydrochloric acid with occasional 
stirring. At this time observation 
showed that this wool could be readily broken up. 
The extract was strained off through cheesecloth. 
The extract plus water washings contained about 
27% of the original material. 


microscopic 


After neutralization 
with care to avoid heating above room temperature, 
“dialyzable” and ‘“‘nondialyzable” fractions were re- 
covered. About 3% of the original wool did not pass 
through regenerated cellulose (Visking*) tubing. 
This fraction is termed “nondialyzable.” The water- 
washed residue was beaten with water in a mechani- 
cal blender. Stratified sedimentation in water per- 
mitted recovery of a suspended fraction of which 
more than half appeared to be cuticular material. 
About 60% of the original wool was recovered as a 
precipitate of individual spindle cells. The cortical 
segment [13, 25| from which these were derived 
has not been identified. The solid fractions were 
washed with acetone and dried in vacuum at 40°. 


2 Mention of specific products does not imply endorsement 
over others of similar nature, 
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This preparation is representative of several made. 
It may be considered a development from those 
described, for example, by Trotman, Trotman, and 
Sutton [36]. The composition and amounts of 
fractions isolated by the authors’ method are not 
critically dependent on the time of treatment. 
Analyses are also given for a small fraction (about 
2%) of water-soluble material that was extracted 
from thoroughly water-washed wool after it had 
been crushed, a few fibers at a time, under high 
enough mechanical pressure (about 10° kg per cm*) 
to roll the fibers into ribbons. 
further divided by dialysis into low- and _ high- 


This extract was 


molecular-weight subfractions. 

Feathers (100 g) were extracted with successive 
portions of 1% mercaptoethanol in approximately 
50% (by volume) ethyl alcohol at 75 to 80°C. The 
first (1 liter) extract, heated in contact with the 
feathers 10 min, contained 34% of the dry weight. 
Six 
additional extracts with a total of 3 liters of solvent 


The second (1 liter) extract contained 16%. 


plus 4 washings with hot solvent without the re- 
ducing agent contained an additional 9%. The 
residue (21%) was further washed with hot 95% 
ethyl alcohol, separated by filtration, dried, and 
ground. 
80%. These recoveries have been proportionately 
increased in Table IX to sum to 100%. 

Feathers were also fractionated by heating 3 kg 
with 30 liters of 50% aqueous ethyl alcohol con- 


The total recovery of solid material was 


taining 1.65 gram-equivalents of hydrochloric acid 
The final pH 

The extract was filtered off through 
while hot. 
(80% ) was recovered by pressing the liquid from 
the gel that formed on cooling. The undissolved 
residue, after washing, amounted to 15%. About 
5% remained dissolved in the press juice and 


for 3 hr in an autoclave at 115°C. 
was near 4. 


cheesecloth The bulk of the protein 


washings. 

Finally, feathers were separated with a razor 
blade into barbs plus barbules, shaft, and calamus 
(the translucent tip of the quill). 


Hydrolysis 


The four contract (WC) wools were hydrolyzed 
for microbiological amino acid assays by heating 
half-gram samples with 30 ml of 6 N hydrochloric 
acid in sealed Pyrex tubes 31 hr at 118°C. In all 
experiments, reagent-grade acid was used without 
redistillation. The hydrolyzates were dried, and 
excess acid was removed in over alkali. 


Similar but not identical procedures were used for 


vacuum 
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Elementary Analyses* of Contract Wools (Percentages) 


Amino 


Constituent Ash Nitrogen Nitrogen Sulfur Calcium Phosphorus 


Solvent Scoured 
16.80 
16.78 
16.82 
16.91 
16.78 


Idaho Rambouillet WC-4 
Australia Merino WC-3 

Idaho medium WC-5 

New Zealand medium WC-2, 58's 
New Zealand medium WC-2, 60's 


0.40 
0.42 
0.45 
0.38 
0.42 


0.31 
0.29 
0.39 
0.33 
0.33 


3.72 
3.70 
3.64 
3.68 
3.74 


0.10 
0.09 
0.12 
0.11 
0.12 


0.021 
0.022 
0.018 
0.017 
0.023 


Soap-Soda Scoured 


16.3 
16.6 


Idaho Rambouillet WC-4 
Australia Merino WC-3 
Idaho medium WC-5 

New Zealand medium WC-2 


3.60 
3.59 
16.4 3.54 
16.4 3.48 


* Values are percentages of constituents in scoured wool dried 40 hr in vacuum at 70°C, except that values of nitrogen, 
amino nitrogen, and sulfur for the solvent-scoured samples are reported on the dry, ash-free basis. 








the other keratin samples. For analysis for cystine- 
plus-cysteine, samples were hydrolyzed 18 hr under 
reflux in an oil bath at 125°C. 


Forstmann Company plant. The differences among 
the wools, if real, are near the margin of error for 
these analyses. It is also apparent that the various 
soap-soda-scoured wools are similar to one another 
in nitrogen and sulfur content, although the con- 
tents of both elements are somewhat lower than in 
the solvent-scoured samples. 


Analytical Methods 


The microbiological assay methods used have 
been described by Lewis and coauthors [20]. The 
values given for serine and threonine have not been 


: : Alkali Solubility 
corrected for destruction known to occur during 


acid hydrolysis. From the nature of the micro- 
biological assays, the values found for alanine are 
considered somewhat less reliable than those of the 
other amino acids cited. Analyses for cystine-plus- 
cysteine were made by an adaptation by Mecham 
[24] of Vassal’s method. Other analyses cited were 
made by standard methods. Alkali solubility was 
determined in accordance with Harris and Smith 
[17], Whatman filter paper 41H being used to 
separate the undissolved residue. Ash, calcium, and 
phosphorus are reported in terms of dry wool, dried 
40 hr in vacuum at 70°C. Sulfur, total nitrogen, 
and amino nitrogen are reported as per cent of dry, 
ash-free keratin. Allowance for ash was not made 
for other analyses reported (amino acids and alkali 


solubility ). 
Results 
Elementary Analyses, Ash, and Amino Nitrogen 


Table I presents analyses of the contract wools 
for nitrogen, sulfur, calcium, phosphorus, ash, and 
amino nitrogen. For comparison, nitrogen and sul- 
fur are also reported for different samples from the 
same lots that were soap-and-soda scoured at the 


The alkali solubilities, shown in Table II, differ 
more widely. The average solubilities found for 
tops at the Textile Research Institute [35] are 
given for comparison. In spite of the considerable 
experimental variation, analysis of variance [10] 
shows significance at the 0.5% level. For each 
mean value quoted, the computed 99% confidence 
interval is near +0.8. This means that, if the sam- 
ples are from normally distributed populations, con- 
fidence intervals for samples analyzed by the same 





TABLE II. Alkali Solubilities* of Contract Wools 
(Percentages) 


Solvent 
Scoured 


Soap-Soda Top 


Wool Scoured [35] 


Idaho Rambouillet 
WC-4 

Australia Merino 
WC-3 

Idaho medium 
WC-5 

New Zealand medium } 
WC-2 58’s 8.7 


10.8 10.0 9.8 


13.5 10.7 


11.1 


New Zealand medium 10.7 


WC-2 60's 


* The values are percentages of dry scoured wool dissolved 
after 1 hr treatment in 0,1 N sodium hydroxide at 65°C [17]. 


10.6 J 
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procedure would be expected to include the popula- 
tion mean 99 times out of 100 on the basis of present 
evidence. The results suggest that differences in 
fineness and geographic origin represented are not 
the principal factors determining alkali solubility. 
Soap-soda scouring seems to produce a definite 
decrease and to even out differences among the 
solvent-scoured samples. However, the sampling 
problems encountered in more extensive study at 
the Textile Research Institute [35] show that these 
results must be considered to be only indicative, not 
conclusive. 


Amino Acid Composition of Keratins 


Table III gives the amino acid contents found in 
the acid hydrolyzates of the various wools. The 
percentages accounted for of the total weight, nitro- 
gen, and sulfur show far from complete recovery. 
The recovery of amino nitrogen as e-amino nitrogen 
of lysine appears to be complete within rather large 
experimental variation. Substantially exact analyti- 
cal correspondence between amino nitrogen and 
lysine is expected from the low value for terminal 
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a-amino nitrogen found by Middlebrook [27] and 
the very small amount of hydroxylysine present [26]. 
Average values for the contract wools are com- 
pared in Table IV with the authors’ 
mohair and feather and with values reported by 
other authors for wool [16, 21, 30, 32] and feather 
{16}. 


values for 


Wool Fractions 


Table V 


wool fractions separated after 


shows the amino acid composition of 
acid treatment from 
a commercial medium wool (Tryon), the composi- 
The fractiona- 
The treatment 


with acid at room temperature yielded a preparation 


tion of which is given in Table III. 
tion method has been given above. 


of spindle cells similar in appearance to those re- 
ported by various authors. Lindley [21], who used 
0.05 M cetanesulfonic acid at 65° for 6.5 days fol- 
lowed by dilute alkali, also reports analytical results 
which (recalculated to a comparable basis) are given 
in Table VI for comparison. Recoveries of total 
More re- 
cently Golden [15] has applied paper chromatography 


weight, nitrogen, and sulfur are given. 


TABLE III. Amino Acid Analyses of Various Wools 


Yorkville 
[19] 


Fine 


Where Grown Davis Dubois 
64's 
WC-4 


Fineness Fine 


Code 


New 
Zealand 
58’s 
WC-2-58 


New 
Zealand 
60's 
WC-2-60 


Australia Dubois 


70's 
WC-3 


58's 
WC-5 


Medium 
Tryon 


Grams of Amino Acid from 100 g of Dry Wool 


Amino Acid 
Alanine 
Arginine 
Aspartic acid 
Cystine 
Glutamic acid 
Glycine 
Histidine 
Isoleucine 
Leucine 
Lysine 
Methionine 
Phenylalanine 
Proline 
Serine 
Threonine 
Tyrosine 
Valine 


4.08 
9.20 
6.56 
13.0 
13.5 
5.40 
1.02 
3.68 
7.66 
3.04 
0.50 
3.53 
6.38 
7.58 
6.46 
4.28 
5.90 


3.83 
9.09 
6.22 
10.8 
12.6 
5.56 
1.00 
3.72 
7.74 
3.11 
0.54 
3.42 
6.34 
7.22 
6.52 
4.28 
5.82 


3.73 
9.02 
6.28 
11.0 
12.8 
5.27 
1.02 
3.80 
7.63 
3.15 
0.55 
3.40 
6.44 
7.10 
6.58 
4.06 
5.78 


3.85 
9.23 
6.60 
10.9 
13.2 
5.26 
0.96 
3.89 
7.98 
3.10 
0.56 
3.50 
6.34 
7.06 
6.62 
4.04 
6.02 


Percentage Accounted for 


Recoveries 
Total weight : 87 
Total nitrogen 83 
Sulfur 101 
Amino nitrogen 100 


* Analysis of the tips gave 8.33% cystine. 


84 85 

81 82 

83 83 81 
104 76 87 


Another subsample from this lot gave 8.75% cystine. 
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TABLE IV. Comparative Analyses of Wool, Mohair, and Feather 


Wool Wool 
(This (Graham 
Research)* et al. [16]) 


Wool 
(Lindley 
(21 }t) 


(Simmonds 


Mohair 
(This 
Research) 


Feather 
(This 
Research) 


Wool ’ Feather 
(Graham 


et al. [16]) 


Wool 
(Speakman 


(30) [32 Jt) 


Grams from 100 g of Dry Keratin 


Constituent 
Total nitrogen 
Ammonia (amide) 

nitrogen 
Amino nitrogen 
Sulfur 
Amino acid 

Alanine 

Arginine 

Aspartic acid 

Cystine 

Glutamic acid 

Glycine 

Histidine 

Hydroxylysine 

Isoleucine 

Leucine 

Lysine 

Methionine 

Phenylalanine 

Proline 

Serine 

Threonine, 

Tryptophan 

Tyrosine 

Valine 


16.9 


3.76 


3.4 
10.5 


11.6 


$:7 
5.1 


16.62 (17.23)t 


1.42 1.37 
(0.33)t 
3.68 (3.65)t 
3.71 
10.49 
6.69 
11.30 
14.98 
5.16 
0.90 


4.4 
10.4 
7.3 
13.1 
16.0 
6.5 
0.7 
0.2 


11.6 


3.3 
0.7 
4.0 
7.2 


3.07 ) 
7.63 | 
2.82 
0.69 
3.43 
7.28 
9.04 
6.55 
2.10 
6.38 
4.96 


Percentage Accounted for 


Recoveries 
Total weight 84.1 
Total nitrogen 87.8 
Amino nitrogen 89 
Sulfur 82.5 


62.6 
62.6 


82.4 


93.5}| 84.7 

98.5)| 91 
38 

86.0 69 


* Average values are given for the contract (WC) wools cited in Table III. 


+ Calculated from results given. 
0.2% of hydroxylysine. 
t The highest values are used for comparison. 


The value for serine plus threonine assumes equal weights of each, with allowance for 


The total nitrogen, amino nitrogen, and sulfur given at the head of this 


column are those computed from the amino acid and ammonia nitrogen contents. 
§ The alanine and cystine contents reported here for feathers are from weighted averages of analyses of feather fractions. 
|| One of the two unidentified substances found by Simmonds is allowed for in computing recovery of total weight and 


nitrogen. 


to estimate the chemical composition of fractions 
prepared from wool treated with peracetic acid or 
The 
results, which are especially interesting because they 
were obtained with the WC-3 Australian Merino 
wool also used in this research, are summarized for 
comparison in Table VII. 


trypsin digested after partial supercontraction. 


Table VIII shows the composition of material 
recovered by extraction of crushed wool. 


Feather Fractions 


Tables IX, X, and XI show amino acid contents 
of fractions from the whole feather reported in Table 


IV. Table 1X shows differences among mechanically 
separated portions of the feather. The fraction dis- 
solved by heating with reducing agent in aqueous 
alcohol showed an especially clear-cut difference in 
amino acid composition from the residue. The com- 
position of these fractions is given in Table X. A 
similar difference, shown in Table XI, appeared be- 
tween the fraction dissolved by autoclaving with 
aqueous alcohol (without added reducing agent) 
and its residue. 
in composition of the mechanically separated calamus 
from the shaft plus barbs and barbules. The calamus 
was resistant to solution. The other components 
were completely dissolved except for a filmy residue. 


These differences reflect differences 
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TABLE V. Composition of Wool Fractions. A. Acid Treatment at Room Temperature * 
Fraction Reconstructed 
Non- Analysis of 
Acid dialyzablet Dialyzablet Whole Wool, 
Cuticular Solubles, Subfraction Subfraction with Discrepancy 
Spindle Concen- Cuticular “Cementing of Acid of Acid as Per Cent of 
Cells trate Material Materials’’ Solubles Solubles Original Value§ 


Fraction of total protein (%) 60 13 10 27 3 24 


Grams from 100 g of Dry Wool Fraction 
Constituent 
Nitrogen 13.5 16.0t 13.4 16.0} 16.5 § 
Sulfur 1.72 1.14 1.33 1.63 2.95 —11 
Phosphorus 0.03 0.04 0.02 0.02 0 
Amino acid 
Alanine d 3. 4.5 2.0 
Arginine : 7.9 6.6 
Aspartic acid : ‘. 4.8 4.8 
Cystine as 0 25 
Glutamic acid , 13 6.4 
Glycine 3. 3.3 4.0 6.9 
Histidine 
Isoleucine 3. 4 
Leucine : 5.4 
Lysine 3 
Methionine 
Phenylalanine * 2.0 A ’ 3.6 
Proline « 6.8 . . 
Serine ; 7.8 I ig 6.0 
Threonine 
Tyrosine , 2.9 3. ; 4.5 
Valine 5.6 5.8 
Humin nitrogen : 0.32 0.40 0.17 0.40 


3.5 
9.5 
6.7 
7.6 
14 
5.0 


oanwnuntw 
~sIN se sh 
_ 


L++ +4+14+1+4 


tn Nm 


4.6 


Percentage Accounted for 
Recoveries 

Total weight of fraction 77 60 53 79 
Total nitrogen of fraction 79 75 68 88 66 
Tetal sulfur of fraction 78 29 50 129 44 

* The fractions were separated by filtration, dialysis, and selective sedimentation after 48 hr contact with 6 N hydrochloric 
acid at room temperature (25°C). ' 

+ The fraction retained in cellulose tubing is termed ‘‘nondialyzable.”’ 

t The values in these columns have been computed from those of the preceding columns and readjusted to a total nitrogen 
content of 16.0%. 

§ These values were found from the proportions and analyses of the fractions actually isolated, but were increased propor- 
tionately to give the observed original total nitrogen. 


Discussion values are on the average 1.7% (of the weight of 

Comparison with Other Analyses wool ) below those found at the Textile Research 
Institute [40] for tops from the same lots of wool. 
Simmonds [30] has recently reported an unusually 
complete analysis of Australian Merino 64’s wool by 
means of column chromatography. In seven in- 
stances the authors’ values differ from his by as 
much as 0.7% (of the weight of wool) or more. 
These and other data given in Table IV divide the 
present results into three classes. The first class 


includes values for arginine, glutamic acid, methio- 
IV. The authors’ alanine value is lower, and nine, serine, and tyrosine. 


Average values found in this research for amino 
acid contents of wool and feather parallel values 
found by similar methods by Graham, Waitkoff, and 
Hier [16]. The present authors’ values are often 
lower and deviate more than would be expected 
from their internal consistency. Speakman [32] 
has summarized earlier analytical data for wool. He 
cites as most probable values those quoted in Table 


The authors’ values for 
histidine and valine values are higher than the previ- these are systematically lower than those reported 


ous limits given by Speakman. The authors’ cystine by others. The second class includes aspartic acid, 





320 


cystine, isoleucine, lysine, proline, and valine. Re- 
ported values for this group often differ from the 
authors’ by amounts that appear to be significant, 
but are not consistently high or low. Reported 


values for the other amino acids—alanine, glycine, 








TABLE VI. Composition of Wool Fractions. B. Cetane- 
sulfonic Acid Hydrolysis * 


Scales + 
Spindle 
Cells, 
Retreated 


Fraction 
Scales + 
Spindle 
Cells 


Alkali- 
Soluble 
Proteint 


Grams from 100 g of Dry Wool Fraction 
Constituent 
Nitrogen 
Sulfur 
Amino acid 
Alanine 
Arginine 
Cystine 
“Leucine” 
Phenylalanine 
Proline 
Serine 
Threonine 
Tyrosine 
Valine 


15.4 
6.16 


14.5 


4.1 
8.3 
19.8 
7.6 
1.8 
8.5 


17.2t 
2.8 


Percentage Accounted for 
Recoveries 
Total weight of fraction 
Total nitrogen of fraction 
Total sulfur of fraction 


64 49 
69 56 27 


86 90 38 


* This table is compiled from results of Lindley [21] for 
comparison with Table V. 

t This fraction includes any bound cetanesulfonic acid. 

t The weight of the total hydroxyamino acids has been 
calculated as equal parts of serine and threonine. 
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TABLE VII. Composition of Wool Fractions. C. Oxidation or Trypsin Digestion * 


Fraction 


(Whole) Epicuticle 
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histidine, leucine, phenylalanine, and threonine— 
lie in or sufficiently near the range of values found 
in this research that the various analyses can be 
considered to be in agreement. In the case of serine 
the apparent agreement could be improved by ap- 
plying a reasonable correction to the authors’ re- 
sults for losses known to occur in hydrolysis in other 
cases. 

Golden’s [15] analyses (Table VII) differ trom 
those of this research in several instances (alanine, 
aspartic acid, glutamic acid, phenylalanine, serine, 
and valine) by more than 20% of the weight of 
the amino acid. Reference to values quoted in 
Table IV makes it apparent that his values for 
alanine, phenylalanine, and valine are so low that 
losses, such as those that result from incomplete- 
ness of hydrolysis, may have occurred. The authors’ 
relatively low serine value has already received com- 
ment. In all cases the differences illustrate the com- 
bined error possible in the respective methods. 


Reliability of Assay Methods 


The occurrence of certain systematic errors has 
been suggested by comparing results of different 
workers. An additional indication of the possible 
magnitude and nature of systematic errors may be 
had by calculating the fractions of the total weight, 
nitrogen, and sulfur accounted for by the constituents 
determined. The total weight of a wool sample ac- 
counted for by the present results is generally near 
84%. Allowance for amino acids known to be 
present in wool, but not analyzed for, raises this 





Cortical 
Membranes Orthocortex 
(by 


Difference) 


Paracortex 
ra 
Epicuticle 


Epicuticle a-Keratose 


Grams from 100 g of Dry Wool Fraction 


Amino Acid 
Alanine 
Arginine 
Aspartic acid 
Cystine 
Glutamic acid 
Glycine 
Leucine 
Lysine 
Phenylalanine 
Proline 
Serine 
Threonine 
Valine 


1.6 
10.7 
8.8 
13.1 
16.5 
6.2 
8.1 


ee 
6.9 
10.2 
7.0 
3.3 


NUN SHOOT HR WS 
K COMmOUWwWH ONAN DN WwW 


1.6 
“11.2 
3.9 
6.1 


1.1 
10.8 
8.1 
13.3 
16.5 
6.7 
6.8 


Percentage of Total Weight of Fraction Accounted for 


Recovery 80 73 


51 76 


* This table is compiled from results of Golden [15] for comparison with Table V. 
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TABLE VIII. Composition of Water-Soluble Fractions 


from Crushed Wool * 


Fraction Water 


Bicarbonate 
Extract Water Extract 
Non- Extract Non- 


dialyzablet Dialyzablet dialyzablet 


Fraction of Total 
Protein (%) 1.4 2.1 1 
Grams of Constituent per 100 g of Dry Wool Fraction 
Constituent 
Nitrogen 
Sulfur 
Phosphorus 
Amino acid 
Arginine 7. 
Aspartic acid 9. 
Cystine r A, i 
18. 
2. 


15.5 
0.97 


Glutamic acid 

Glycine 

Histidine 0.86 

Isoleucine 4.0 

Leucine 10.1 

Phenylalanine 2.2 

Proline 3.0 

Serine 5.4 

Tyrosine 3.1 0.8 

Valine 5.6 
Humin nitrogen 0.29 


0.12 


Percentage Accounted for 
Recoveries 
Total weight of fraction 64 
Total nitrogen of fraction 66 
Total sulfur of fraction 59 


* Water-washed, air-dry wool was crushed at approximately 
105 kg/cm? and extracted with water or sodium bicarbonate 
solution. 

+ The fraction retained in cellulose tubing is termed ‘‘non- 
dialyzabie.”’ 

t Another preparation yielded 2.4%. 





figure by only 1 or 2%. The total quantities of 
nitrogen and sulfur accounted for are again only 
81 and 83% of the amounts found to be present. 
This indicates that the material not accounted for 
has approximately the same elementary composition 
as the rest. Substantial amounts of lipid, carbo- 
hydrate, nucleic acid, or moisture were therefore 
not present. 

The problem of accounting for all the sulfur is the 
most challenging. Since lanthionine and cysteic 
acid have been detected in wool, particularly in the 
tips or damaged samples, the possible occurrence of 
these amino acids should be taken into account. 
Simmonds [30] noted the presence of a small amount 
of cysteic acid in a Merino wool, together with two 
unidentified substances that may or may not have 
contained sulfur. If the higher cystine values found 
at the Textile Researth Institute are accepted, the 
sulfur is completely accounted for. In any case the 
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combined amount of cysteic acid and lanthionine 


present in the authors’ samples cannot exceed 3 
or 4%. 


Differences Among Wools 


The apparent differences shown in composition are 
not large enough to confirm unequivocal differences 
among the wool samples. In certain instances the 
precision of the microbiological assays is sufficient 
to establish differences of the order shown. How- 
ever, variation introduced in the hydrolysis pro- 
cedure, which was replicated only once or twice, 
makes it uncertain whether differences indicated in 
certain of these cases (histidine, glycine, and valine) 
can properly be attributed to sample differences. 
Even in the case of cystine, which has a wider known 
variation [| 29, 40] than other constituents, the present 
results do not differentiate the laboratory-scoured 
wools. 


Comparison of Wool and Mohair 


The amino acid values for mohair do not differ 
notably from the average values for wool except 
possibly in the cases of tyrosine, aspartic acid, serine, 


and threonine. However, the amino acid contents 


TABLE IX. Composition of Feather Fractions. 
A. Mechanical Separation 


Fraction Barbs + 


Barbules Shaft Calamus 
Grams from 100 g of Dry Feather Fraction 
Constituent 

Nitrogen 

Sulfur 

Amino acid 
Arginine 
Aspartic acid 
Cystine 
Glutamic acid 
Glycine 
Histidine 
Isoleucine 
Leucine 
Lysine 
Methionine 


al 
“su 


15.9 
.20 


70 


— 


ve} 


6.17 6.04 
5.92 6.24 
7.4 5.4 
8.06 9.23 
9.18 10.0 
0.31 0.60 
4.4 3.9 
8.95 8.84 
0.73 1.58 
0.02 0.7 
Phenylalanine 4.78 5.00 4.48 
Proline 13.4 13.0 9.3 
Serine 22 21 16 
Threonine 4.9 4.7 4. 
Tyrosine 1.63 1.64 

Valine 9.1 8.9 


SIO IND 
woranded 
or he oo 


mn 
i. 


7.49 
0.89 
0.31 


Percentage Accounted for 
Recoveries 
Total weight of fraction 90 
Total nitrogen of fraction 87 
Total sulfur of fraction 77 











TABLE X. Composition of Feather Fractions. 
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B. Reduction in Alcohol * 


Fraction Third + 
First Second Later Insoluble Reconstructed 
Extract Extract Extracts Residue Wholet 
Fraction of Total Protein (%) 43 20 12 25 
Grams from 100 g of Dry Feather Fraction 
Constituent 
Nitrogen 16.7 16.6 16.5 15.1 16.3 + 0.6 
Sulfur 2.85 2.93 2.82 2.23 2.71 + 0.4 
Amino acid 
Arginine 7.14 6.60 6.28 5.60 6.54 — 5 
Aspartic acid 5.02 5.46 5.92 7.64 5.87 — 1 
Cystine 7.7 8.1 7.8 3.9 6.84 + 1 
Glutamic acid 8.04 7.98 8.05 10.8 8.72 — 3 
Glycine 9.35 8.86 9.28 5.3 8.23 +14 
Histidine 0.10 0.12 0.17 1.66 0.50 +52 
Isoleucine 5.8 53 5.0 4.4 5.29 0 
Leucine 8.20 7.88 7.83 6.78 7.74 + 4 
Lysine 0.14 0.22 0.35 4.94 1.38 +38 
Methionine 0.04 0.05 0.10 1.60 0.44 +15 
Phenylalanine 5.42 5.06 5.15 3.32 4.79 + 3 
Proline 14.6 14.1 13.6 5.4 12.08 +21 
Serine 24 21 20 7 18.67 +33 
Threonine 4.8 4.8 4.8 4.4 4.7 —2 
Tyrosine 1.49 1.77 1.99 3.44 2.69 + 5 
Valine 9.8 9.5 9.2 6.2 8.77 0 
Percentage Accounted for 
Recoveries 
Total weight of fraction 95 91 89 71 
Total nitrogen of fraction 90 86 86 74 
Total sulfur of fraction 72 74 74 62 


* The fractions were prepared by successive extraction w 
t The composition of whole feather reconstructed from 
percentage of the original value (Table IV) as found in this r 





of mohair constitute extreme values, when included 
in the wool group, in 15 of 18 cases. Nevertheless, 
this mohair sample is not sharply differentiated from 
wool. The most interesting apparent chemical dif- 
ferences are the relatively low contents of sulfur 
(and therefore cystine) and tyrosine, and the rela- 
tively high value for aspartic acid. 


Comparison of Wool and Feather 


Previous analysts [16] have remarked that feather 
and wool differ decisively in amino acid analyses. 
Feather is remarkable for a particularly high content 
of serine. It is also relatively rich in proline and 
glycine, but low in cystine. These features are 
probably related to its relative ease of solution. The 
contents of the basic amino acids are lower than in 
wool, while the proportions of histidine and lysine 
relative to arginine are lower. Fractionation of wool 
and feathers shows certain differences that are dis- 
cussed in a following section. 


ith 1% mercaptoethanol in 50% ethanol at 80°C. 
those of the fractions is given together with the discrepancy as 
esearch. 





Wood Components or Fractions ' 


Speakman and McMahon [34] confirmed earlier 
isolation of spindle cells and showed that this frac- 
tion had a higher sulfur content than the original 
wool. They deduced a lower sulfur content for the 
intercellular material. Lindley [21] isolated spindle 
cell fractions by partial hydrolysis with cetanesul- 
fonic acid. His analytical values, recalculated for 
Table VI for comparison with other results, show a 
remarkable concentration of cystine, to 25%, in the 
most resistant fraction, in addition to less marked 
increases in proline and the hydroxyamino acids. 
Fraser, Lindley, and Rogers [13] suggest that this 
fraction represents the more resistant cortical seg- 
ment also suggested by Mercer [25] to be richer in 
cystine. Golden [15], quoted in Table VII, found a 
less extreme increase in cystine in the spindle cell 
fraction (“paracortex”) most resistant to trypsin 
after partial supercontraction. The authors’ spindle 
cell preparation, resistant to 6 N hydrochloric acid 
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TABLE XI. Composition of Feather Fractions. 
C. Autoclaving * 


Fraction Extract, 
Gel- Not 
Forming Gel- Insoluble 
Extract Forming Residue 
Fraction of Total 
Protein (%) 80 5 15 


Grams from 100 g of Dry Feather Fraction 
Constituent 


Total nitrogen 16.10 12.78 11.91 
Total sulfur 2.54 5.16 4.77 
Amino nitrogen 0.10 0.34 
Amino acid 
Alanine 5.9 4.2 3.2 
Arginine 6.2 4.4 3.6 
Aspartic acid 5.0 4.8 4.2 
Cystine 7.4 3.5 6.0 
Glutamic acid 8.2 6.0 7.3 
Glycine 7.4 4.8 3.5 
Histidine 0.30 0.72 0.74 
Isoleucine 5.13 2.72 2.70 
Leucine 7.5 4.9 4.2 
Lysine 0.70 1.80 2.8 
Methionine 0.24 0.42 0.72 
Phenylalanine 4.8 2.43 2.1 
Proline : 9.9 5.4 5.1 
Serine 11.4 4.7 4.2 
Threonine 4.3 2.5 3.3 
Tyrosine 1.3 1.2 1.8 
Valine 8.7 3.9 4.6 
Humin 1.23 2.68 19.2 
Humin nitrogen 0.033 0.11 0.63 
Percentage Accounted for 
Recoveries 
Total weight of fraction 97 60 61 (61) 
Total nitrogen of fraction 96 77 81 (71) 
Total sulfur of fraction 95 23 43 


* The feathers were autoclaved 3 hr in 50% aqueous ethanol 
without added reducing agent. The amino acid values are 
given as grams of the constituent per 100 g of dried filtered 
hydrolyzate. Recoveries in most cases are based on the 
average residue weight of the amino acids accounted for. 
Values in parentheses show the result of allowing for the 
weight and nitrogen content of the humin formed: 


at room temperature, Table V, is more representa- 
tive of the whole cortex. It corresponds in most 
respects to the a-keratose preparation analyzed by 
Golden. As might be expected for such large frac- 
tions, these are both very similar in composition to 
the original wool. 

Geiger [14] separated and analyzed the scale 
layer of wool after’ reducing and alkylating it. He 
calculated the scale substance to be richer in cystine 
than the original wool, slightly enriched in serine, 
but much poorer in tyrosine and arginine. The 
authors’ cuticular concentrate, isolated from the 
acid-resistant fraction by partial sedimentation, dif- 
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fers from his in being nearly devoid of cystine, al- 
though agreeing in the other properties. Golden 
[15] found the epicuticle, a small fraction of the 
surface layers, to yield roughly 50% glutamic and 
aspartic acids, together with cystine equal to that 
of the whole wool. Golden also analyzed a fraction 
characterized as including both epicuticle and corti- 
cal cell membranes. Since the composition was quite 
different from that found for the epicuticle, the latter 
was evidently a minor constituent. The fraction 
which we have taken to be cuticular material does 
not differ conclusively in composition from that 
characterized as cortical cell membranes. It is pos- 
sible that these fractions contain components of 
similar origin. 

The more soluble wool fractions probably include 
both cuticular (exocuticle ) and cortical (orthocortex ) 
components. In addition, three possible categories 
of material may be present. First, material generally 
similar in composition to the resistant fractions, but 
lacking specific hardening mechanisms (for example, 
cystine bridges), may be present. The second cate- 
gory consists of material fundamentally different in 
composition from the resistant fraction, either re- 
placing it in the more soluble spindle cells or serving 
as a matrix or cementing material throughout the 
cortex. This may have an asymmetrical distribution 
in some cases. Finally, sections of polypeptide 
chains released from a resistant core by cleavage of 
specially susceptible bonds may also form part of 
these fractions. These possibilities for diversity of 
composition are fully realized in the soluble fractions 
analyzed by Lindley, Golden, and in this research. 
The one feature known to be common to all three 
is a lowered cystine content. Even in this case the 
values for the three preparations differ widely. 
Although as a whole the authors’ soluble fraction was 
poor in glutamic acid, dialysis gave clear evidence of 
its heterogeneity by separating a small subfraction 
unusually rich in both acid amino acids. This small 
fraction is similar in both yield and composition to 
one isolated by dialysis from a water extract of 


crushed wool (Table VIIT). 


Feather Components 


The solubilized feather fractions show an espe- 
cially clear-cut difference in composition from the 
residue. The residue is clearly due to a relatively 
insoluble skeletal material constituting a high pro- 
portion of the calamus (the translucent tip of the 


quill) and a small part of the rest of the feather. 
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This relation is confirmed by comparison of the data 
of Tables X and XI with analyses of mechanically 
separated feather components shown in Table IX. 
The residue is characterized by much higher propor- 
tions of the essential amino acids, histidine, lysine, 
and methionine; by its lower contents of serine and 
cystine ; and by the relatively large amount of humin 
formed from it during acid hydrolysis. 

The feather residue corresponds interestingly in 
composition to the less soluble wool components. 
The correspondence with the cuticular fraction is 
apparently closer than with the spindle cells. In 
either case, analyses for eight of the amino acids are 
the same within 2% (of the weight of protein). 
Data are missing for five acids. Two amino acids, 
glutamic acid and lysine, are concentrated in the less 
soluble portions of both wool and feather; three, 
glycine, serine, and phenylalanine, are concentrated 
preferentially in the more soluble portions of both. 


Analytical Characterization of Keratins 


Chemical definition of keratins as a group is dif- 
ficult because they are not unique in the amounts of 


their major amino acids and because these amounts 


often vary two- to fourfold within the group. This 
is true for cystine, tyrosine, and the basic amino 
acids, which have been suggested to be characteristic, 
as well as for other constituents. Block [7, 8] has 
therefore proposed that approximate uniformity in 
the molar proportions—and therefore also propor- 
tions by weight—of the basic amino acids charac- 
terizes true keratins, including specifically wool and 
feather. In data cited by Block, the lysine-histidine 
weight ratio varies from 2.3 to 4.0 and the arginine- 
histidine weight ratio from 6.7 to 20.0. Although 
these ratios for wool, whole feather, and (with one 
minor exception) wool fractions fall within these 
limits, the authors regard this proposed criterion as 
unsatisfactory for three reasons. First, it is not 
sufficiently restrictive. Several vegetable seed globu- 
lins and a few other proteins have been cited [8] 
that have proportions of the basic’ amino acids within 
the indicated range. Second, these proportions are 
not necessarily characteristic of keratin protein, 
since the authors now find that both of the main 
physically and chemically separable portions of 
feather have arginine-histidine ratios (3.4 and 37 
to 71) that fall considerably outside the indicated 
range. In addition, in the case of the wool samples 
the arginine appears to vary inversely as the histidine 
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and lysine. These observations suggest that the 
arginine content of keratin materials is not funda- 
mentally related to those of the other two basic 
amino acids. Finally, no explanation has been put 
forward of how the proposed proportions can be 
related to characteristic keratin properties. 

Since the properties of keratins that are usually 
mentioned as characteristic are their insolubility and 
resistance to hydrolytic, including enzymatic, at- 
tack it is reasonable to look for related chemical or 
structural features. (These properties are not unique 
in degree nor specific.) In considering the inter- 
pretation of the chemical results we note first that 
the more readily dissolved portions have larger 
amounts of certain amino acids—serine, threonine, 
glycine, and aspartic acid—that have been found 
under some conditions to make peptide bonds of 
minimum stability toward hydrolysis. No marked 
or consistent differences appear in the distribution 
of certain residues: valine, proline, and possibly the 
leucines and basic amino acids, that form peptide 
bonds relatively resistant to hydrolysis. In general 
it is valid to state that keratins have remarkably 
high contents of polar groups, including acid and 
basic groups, that ordinarily tend to favor solubility. 
It is not a novel interpretation to attribute the rela- 
tive inertness and insolubility of keratins primarily 
to a high degree of interchain crossbonding by di- 
sulfide bonds. Soluble high-cystine proteins such as 
insulin may be differentiated reasonably as having 
crossbonding by primary valences restricted to rela- 
tively small units. A moderate degree of crystal- 
linity and, especially, abundant hydrogen-bonding 
capacity must be considered essential features de- 
termining the observed degree of inertness. Micro- 
scopic structure, which will not be discussed here, 
is also important. 


Summary 


Amino acid contents of some normal wools have 
been reported. The amino acid composition of 
mohair has been found in most respects similar to 
that of wool. The sample analyzed was appreciably 
lower in sulfur and tyrosine. Feather was found 
to differ’ from wool most interestingly in having 
lower contents of sulfur and cystine and higher con- 
tents of glycine, proline, and serine. These features 
have been proposed to contribute to the relative 
ease of solution of feather keratin. 

Amino acid contents of wool fractions and of 
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feather fractions show differences in composition 
among the microscopically distinguishable compo- 
nents that are particularly marked in the case of 
feather. The insoluble fractions of these keratin 
materials are more similar in composition than the 
whole keratins or than the more soluble fractions. 

Analytical features characterizing keratins have 
been discussed. 
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The Improvement of Luster of Cotton 


Part XI: Dyes and Luster’ 
Lyman Fourt, H. J. Elliott, and Pauline Streicher 


Harris Research Laboratories, Inc., Washington, D. C. 


Abstract 


Luster tends to increase with depth of shade or increasing absorption of light, since 


this has greater effect on scattering from depth than on front surface reflection. 


Dyes 


which form particles on the surface or show more tendency to crock, such as the lake- 


forming dyes which are attached to cotton by mordants, show less increase in luster. 


Vat 


dyes which increase in crystallinity on soaping show a decrease in luster after soaping 
(even though the general appearance and quality is improved), indicating increased 


scattering by larger particles. 





Dyeing and Luster 


General Relation of Reflectance and Luster 


With any dyeing, there is an increase in absorp- 
tion and decrease in reflectance, which will usually 
have an effect on luster. Both the 45°, 0° reflectance, 
which mainly measures scattering, and the 45°, 45° 
reflectance, which includes more of the mirrorlike 
reflection, are decreased by dyeing; but, since the 
scattering from depth is usually reduced more than 
is the reflection from the exposed surface, the ratio 
(45°, 45° reflectance) divided by (45°, 0° reflect- 
ance), which is termed “contrast ratio,” usually in- 
creases. The contrast ratio is used as a physical 
measure of luster. 

If some dyeings are to be regarded as different 
from others in respect to luster, the comparison 
should be at similar depths of shade or degree of 
absorption. The 45°, 0° reflectance can be taken 
as a measure of absorption or depth of shade, against 
which the contrast ratio can be plotted, as in Fig- 
ure 1, 

Figure 1 shows the relations of depth of shade and 
luster for three direct dyes, each applied in varying 
amounts to kiered cotton yarn and to similar cotton 
yarn which had been mercerized. The chart indi- 
cates that, at any given level of reflectance, the mer- 
cerized yarns are higher in luster than the yarns 
which have been only kiered, and demonstrates that 
this type of plot does demonstrate differences in 
luster. 

1A report of work done under contract with the U. S. 
Department of Agriculture and authorized by the Research 
and Marketing Act. The contract is being supervised by 
the Southern Regional Research Laboratory, Southern 
Utilization Branch, Agricultural Research Service. 

2 Previous parts of this series appeared in the July 1951, 


January 1953, January, February, March, July, and August 
1954, and January 1955 issues, respectively. 


Differences between Dyes 


Figure 1 suggests that two of the direct dyes, a 
green and a black, are similar in their effects on 
luster, and that a third direct dye, a scarlet, pro- 
duces dyeings of lower luster. 

Whatever the theory of the mechanism of dye at- 
tachment, there are certain to be differences in the 


12 


MERCERIZED 


CONTRAST RATIO 
a 


KIEREO 





ie} 30 40 


10 20 °° 
REFLECTANCE 45,0 

Fig. 1. Direct dyes on mercerized or on kiered yarns. 
G =Chlorantine Fast Green, BLL (AATCC Prototype 
25) ; B= Pontamine Fast Black G CW conc. 160% (simi- 
lar to C.I. 539) ; S = Pontamine Scarlet B (C.I. 382). 











Aprit, 1955 


size or degree of dispersion of the reflecting and 
absorbing particles of dye. At one extreme stands 
true solution or molecular dispersion, at the other, 
aggregation in particles large enough to be seen in 
the microscope. These two extremes can be ex- 
pected to have different effects on luster. 

In order to see how large a difference in luster 
could be expected from different types of dyeing, the 
direct dyes have been compared with mordant dyes, 
on the basis that the direct dyes approach the con- 
dition of molecular dispersion in the cellulose, whereas 
the mordant dyes are more likely to be aggregated 
in particles. While the mordant dyes are not used 
as much in commercial practice of cotton dyeing as 
either direct, azo, or vat dyes, they appear more 
likely to show differences in particle size and in 
luster, compared with direct dyes. 

The chief reason for expecting larger particle ag- 
gregation in the mordant dyes is that these are bound 
to the cotton by intermediates, the mordants. The 
dye and the free metal salt which is part of the 
mordant will form insoluble precipitates or lakes, 
in the absence of the fiber. In the dyeing, there is 
a tendency for these particles of lake to form on the 
outside of the cotton. This is reflected in the tend- 
ency to “crock” or lose dye on rubbing, which is 
usually greater for the mordant dyes than for direct 
dyes. 


Results with Mordant Dyes 


The results of dyeing with logwood and with 
alizarine are shown in Figure 2. All these dyeings, 
on mercerized, kiered yarn, are lower in contrast 
ratio than the direct dyeings of corresponding depth 
of shade. 

It should be noted that the logwood dyeings in- 
clude three dyeing procedures. The deepest blacks 
were produced with an iron mordant, which, with 
the tannin, itself produces a deep black base. Varia- 
tion in the amount of logwood, however, produces 
relatively little effect on shade. In order to extend 
to lighter shades, a tannin-tartar emetic mordant was 
used, and two series of logwood dyeing were carried 
out on this base. The simple logwood dyeings on 
this base were reddish-purple shades; those which 
were afterchromed were greenish-brown. 


Dye Location and Aggregation 


Examination with the microscope does not show 
gross particles, but does not rule out differences in 
particle size. 


327 


CONTRAST RATIO 
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Fig. 2. Mordant dyes on mercerized, kiered cotton. 
A= Alizarine; L =logwood on tannin-tartar emetic mor- 
dant; LC =same, afterchromed; JL = logwood on tannin- 
iron nitrate mordant, afterchromed. 


Crocking tests do indicate more crocking for the 
mordant dyes, and for the scarlet direct dye which 
was low in luster, than for the direct dyes which 
were high in luster. This suggests that surface dye- 
ing, with particles breaking up the reflection from 
the exposed surface, is a condition leading to low 
luster. 


Particle Size or Crystallization in Vat Dyeing 
Valko [4] has suggested that the process of soap- 
ing after vat dyeing has an effect on the particle size 
and degree of crystallinity of the dye. Bean and 
Rowe |1] have made a similar suggestion for azo 
dyes. This change of particle size might be expected 
to have an effect on luster, through its influence on 
directional reflection versus scattering of light. 
Valko found that vat dyes could be divided into 
three classes with regard to the effect of soaping on 
the degree of crystallinity of the dyestuff in the fiber. 
His first class is amorphous after oxidation, and con- 
The 
second class is amorphous after oxidation, but be- 


tinues to be amorphous even after soaping. 
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comes crystalline on soaping, while the third class is 
crystalline upon oxidation. The second class can be 
expected to change in shade on soaping, although 
this is probably not the only factor contributing to 
change of shade. 

Figure 3 shows C.I. 1106, Ponsol Blue RP, taken 


as equivalent to Indanthrene Blue RS, one of Valko’s . 


class I, dyes which are amorphous at oxidation and 
remain amorphous. Soaping lightens the shade, but 
both soaped and original dyeings fall on the same 
curve of relation between reflectance and contrast 
ratio, indicating no change of luster properties with 
soaping. 

Figure 4 shows C.I. 1101, Ponsol Jade Green, used 
as equivalent to Caledon Jade Green of Valko’s class 
II, where changes occur on soaping. Here the two 
sets of points fall on separate lines, with the soaped 
dyeings lower in luster. However, the loss in luster 
is small compared with the increase accompanying 
increased depth of shade, so the advantages to. be 
gained by soaping are not outweighed by the change 
in luster. Observers prefer the lighter, cleaner ap- 
pearance of the soaped dyeings, and the process is 
required in any event, since the dyeing would not be 
stable to the effects of washing without the soaping. 

Several other dyes have also been studied, includ- 
ing Ahcovat Pink RL, which is stated to be equiva- 
lent to Caledon Pink RL. This dye showed more 
change of properties on soaping than the others in 
the list examined by Sumner, Vickerstaff, and Waters 
[3]. However, in shades no darker than 23% re- 
flectivity, the level reached with a 4% dyeing, no 
effect of soaping on luster could be seen. The same 
applies to two yellow or orange dyes, C.I. 1096 and 
1132, which also did not reach low levels of reflectiv- 
ity with 4% dyeings. 

Thus it appears that with certain vat dyes an 
effect of soaping on luster can be recognized, as 
would be expected from studies of dye crystalliza- 
tion. However, this effect is observed only in dark 
shades, when the increase of luster due to depth of 
shade is much larger than the changes of luster with 
soaping. In general, other considerations will out- 
weigh any effect of soaping on luster. 


General Significance 


Usually the choice of dyestuffs and methods of 
dyeing will be governed by costs and requirements 
for colorfastness rather than by considerations of 
luster. These results suggest that the dyeings with 
good fastness to crocking will be the best for luster. 
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CONTRAST RATIO 


3 
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Fig. 3. Vat dye, Ponsol Blue RP (C.I. 1106), showing 
absence of change of luster with soaping. Open circles have 
been soaped, solid circles have not. 





The luster will, in general, depend more on the mer- 
cerizing than on the dyeing. 


Appendix 
Experimental Procedures 

Dyeing with Direct Dyes 

Skeins of 50/2 and 60/2 cotton yarn, both natural 
and mercerized, were kiered in the laboratory at 
15 lb pressure for 4 hr in 1.5 liters of solution con- 
taining 22.5 g sodium hydroxide, 3.75 g soda ash, 
3.75 g sodium silicate, 4.5 ml Turkey Red oil, 75%, 
and 4.5 ml pine oil. After rinsing and drying, the 
material was dyed in 20:1 bath ratio. The materials 
in the bath were calculated on the weight of the 
goods, as 2% sodium carbonate, 20% sodium chlo- 
ride, and amounts of dye varying in geometric ratios 
such as 2%, 1%, 0.5%, 0.25%, 0.125%. The dye 
was dissolved in a stock solution, of which varying 
amounts were used, with corresponding amounts of 
water, to make up the bath. The dyeing was started 
cool, gradually raised to a gentle boil, and main- 
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Fig. 4. Vat dye, Ponsol Jade Green (C.I. 1101), which 
shows a change of luster with soaping. Open circles have 
been soaped, solid circles have not. 


tained at the boil for 1 hr. The dyed skeins were 
washed in cool water and dried. 


Dyeing with Logwood 


The skeins of 60/2 mercerized and kiered cotton 
were treated in a 4% tannic acid solution for 15 min 
at 180°F. The skeins were lifted to drain and re- 
entered into the solution periodically. After 15 min 
at 180°F, the solution was allowed to cool for 1 hr. 
The skeins were then put through squeeze rolls and 
treated with a cold 2% tartar emetic solution for 
15 min. The excess tartar emetic solution was then 
washed off with fresh water. The skeins were next 
entered into dye baths of concentrations from 0.05% 
to 25% logwood extract based on the weight of the 
skeins. The dye bath contained 2% acetic acid as 
a retardant. The skeins were entered into the dye 
bath at 100°F, and the temperature was raised to 
190°F and maintained for 4% hr. The skeins were 
then washed and dried. At this point one skein 
was kept from each dye concentration and wound on 
cards for contrast ratio measurements, and the other 
skein was afterchromed. The afterchroming was 
carried out in a 1% potassium chromate solution at 
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180°F for 15 min. After this the skeins were put 
through squeeze rolls, soaped off in a 44% soap solu- 
tion, rinsed, and dried. 


Dyeing with Alizarine 


The skeins of 60/2 mercerized and kiered cotton 
were treated with a solution containing 125 g of 
75% Turkey Red oil per liter at room temperature 
for % hr, put through squeeze rollers. The proce- 
dure was repeated. The skeins were then dried at 
120°F overnight. The skeins were then treated in 
a 10° Tw solution of aluminum sulfate at 100°F for 
6 hr. After pad rolling, the skeins were dried at 
120°F. A treatment with 14 lb of ground chalk per 
10 gal of solution at 100°F for 4 hr was followed by 
a thorough washing, after which the skeins were en- 
tered directly into the dye baths. The dye concen- 
tration was varied from 0.05% to 0.4% Alizarine 
Red G 20% paste based on the weight of the skeins. 
The skeins were washed \% hr in the baths at 75°F; 
then the temperature of the bath was raised to 160°F, 
and this temperature was maintained for 1 hr. The 
skeins were then put through squeeze rolls and dried. 
The oil treatment was repeated. After squeezing 
and drying, the skeins were steamed for 1 hr at 
15 lb pressure. The skeins were then soaped off with 
14% soap for 10 min, washed, and dried at 120°F 
[2]. 


Dyeing with Vat Dyes 


Hydrosulfite and sodium hydroxide solution was 
used to reduce enough dye for a series of dyeings 
at 4, 2, 1, and 0.5% on the weight of the goods. The 
lighter shades were made up by diluting the original 
solution with more hydrosulfite and caustic. Mer- 
cerized, kiered skeins were used. After dyeing at 
140°F for 30 min, the skeins were oxidized with 
1% hydrogen peroxide solution and rinsed in cool 
water. Some of the skeins were dried at this stage 
and examined for luster without soaping; corre- 
sponding skeins were boiled 20 min with a solution 
containing 2% soap, 1% soda ash, then rinsed, dried, 
and measured for contrast ratio after being wound 
on cards. 
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the Presence of Alkali 


George C. Daul,' Robert M. Reinhardt, and J. David Reid 
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Abstract 


The reaction of cotton cellulose with B-propiolactone may be effected in the presence 


of strong alkalies such as sodium hydroxide and potassium hydroxide. 


Monoethanol- 


amine and trimethylbenzyl ammonium hydroxide will also catalyze the reaction, but to 


a lesser degree. 


Di- and triethanolamine are ineffective. 


Byproducts of the reaction 


are water soluble and may be removed with a hot-water wash. 

Conditions of the reaction such as time, temperature, concentration of reagents, and 
effect of diluents were investigated and are reported. 

The products are mixed ethers and esters of cellulose and polyesters thereof, in fibrous 


form. 


The ether linkages are stable to saponification, while the ester linkages are broken. 


Therefore, saponification removes all but the carboxyethyl groups attached directly to 


the cellulose molecule. 


In TWO previous papers, the authors have de- 
scribed the reactions of raw and purified cotton with 
8-propiolactone in the presence of organic solvents 
[1, 2]. This type of treatment involves the use of 
flammable organic solvents at elevated temperatures 
and necessitates solvent extraction of the treated cot- 
ton to remove nonattached polymeric byproducts 
formed during the reaction. Accordingly, other 
more acceptable methods of obtaining the desired 
reaction have been considered. 

8-Propiolactone, when catalyzed by bases, is known 
to react with alcohols to give the hydroxypropionic 
acid esters [4]. Although 8-propiolactone may poly- 
merize violently in the presence of strong sodium 
hydroxide even at room temperature, it is relatively 
stable at low temperatures in solutions of dilute 
sodium hydroxide |3]. It was postulated, therefore, 
that cotton cellulose might react with 8-propiolactone 
in the presence of sodium hydroxide or other alkali 
catalysts, provided that suitable conditions of con- 
centration and temperature were used. 

Possible reactions between cellulose and 8-propio- 
lactone in the presence of sodium hydroxide are 
essentially the same as those of the reflux method 
[1]. Esterification of cellulose to form the -hy- 
droxypropionic acid ester should predominate ; how- 


1 Present address: Courtaulds Inc., Mobile, Alabama. 

2 One of the laboratories of the Southern Utilization Re- 
search Branch, Agricultural Research Service, U. S. Depart- 
ment of Agriculture. 


ever, as will be shown below, apparently, the other 
three reactions also occur. The reactions are esteri- 
fication, and etherification of cellulose and subsequent 
polyesterification through the two newly introduced 
functional groups. The lactone could also react with 
any excess alkali present to give the sodium salt of 
8-hydroxypropionic acid and polyesters thereof. 
These byproducts are water and alkali soluble [3], 
which facilitates their removal from cotton 
water washing. 


with 


Experimental 


Materials and methods. In order to avoid the 
variables encountered with the use of raw cotton 
[2], cotton in the form of 12/5 sewing thread, puri- 
fied by ethanolamine extraction, was used exclusively 
in the reaction to be described. 

It was found that 8-propiolactone from B. F. 
Goodrich Co.* could be used as received without 
redistillation. For convenience, all 8-propiolactone 
solutions used were prepared as per cent by volume. 

Analytical procedures used to follow the course 
of the reaction were the same as those previously 
described [1, 2]. Samples were analyzed for car- 
boxyethyl content, before and after saponification, to 
determine the amount of hydroxypropionic acid resi- 
dues directly or indirectly attached to the cellulose. 





3 The mention of trade names and firms does not imply 
their endorsement by the Department of Agriculture over 
similar products or firms not mentioned. 
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Weight gains reported are on a dry basis after thor- 
ough extraction with boiling water to remove 
byproducts. 

Preparatory treatment of the cotton threads con- 
sisted of impregnation with the desired alkali solu- 
tions by soaking, followed by centrifuing at 850 x g 
for about 3 min. The cotton was then immersed for 
selected periods of time in concentrated or diluted 
solutions of lactone, after which it was neutralized 
with dilute acetic acid and washed in boiling dis- 
tilled water to remove any unbound byproducts 
which might be present. To prevent violent poly- 
merization on standing, all excess lactone remaining 
after the reaction was destroyed by dilution with 
water. 


Optimum Conditions of Treatment 


To ascertain the optimum conditions of treatment, 
time, temperature, and concentration of reagents were 
varied as described below. 

Effect of concentration of sodium hydroxide. 
Twenty-yard skeins of purified cotton sewing thread 
weighing about 4 g each were impregnated with 
sodium hydroxide in concentrations of 5 to 40%, 
and centrifuged to the various pickups shown in 
Table I. They were then soaked in 8-propiolactone 
for 1 min, drained free of excess, and allowed to 
stand for 1 hr. After a short induction period some 
heat developed ; the samples were allowed to cool to 
room temperature. The treated samples were neu- 
tralized in dilute acetic acid solution, washed with 
distilled water, and extracted with boiling water to 
remove byproducts. Subsequent extraction of the 
samples with hot acetone did not remove any addi- 
tional material, so it was concluded that the by- 





TABLE I. The Effect of Sodium Hydroxide Concentration 
on the Reaction between Cotton Cellulose 
and §-Propiolactone 


Concen- Wet 
tration Pickup Carboxy- 
of NaOH of NaOH Weight ethyl 
Solution Solution Gain ; Content 
(%) (%) (%) (%) 
5 116 11.4 5.5 
10 139 16.7 6.2 
15 169 25.7 8.5 
20 180 25.8 7S 
25 184 23.5 7.3 
30 200 16.6 7.8 
35 205 11.9 6.0 
40 205 11.3 6.5 
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products of the reaction were entirely soluble in 
water. Weight gain and carboxyethyl contents 
(Table 1) show that the reaction approaches a maxi- 
mum at 15 to 20% sodium hydroxide concentration. 
With further increase in alkali concentration, the 
reaction decreases, presumably because of preferen- 
tial reaction of the lactone with the strong caustic. 
At the higher concentrations (30 to 40%) the reac- 
tion was highly exothermic. 

Effect of concentration of B-propiolactone in dif- 
ferent diluents. The effect on the reaction of chang- 
ing the concentration of B-propiolactone was deter- 
mined with three diluents: xylene, a nonreactive 
solvent ; tert-butyl alcohol, which reacts only with 
difficulty; and water, which reacts rather readily 
with the lactone. 

Skeins of purified cotton thread, impregnated to 
about 160% pickup of 15% sodium hydroxide solu- 
tion, were immersed in 50 ml of 5 to 80% solutions 
of B-propiolactone in xylene or tert-butyl alcohol for 
l hr. The samples, treated with 60 to 80% lactone 
solutions, became so hot that the boiling points of 
the solutions were reached. After the reaction, the 
skeins were washed, neutralized with dilute acetic 
acid, and extracted with boiling water. No addi- 
tional soluble polymeric materials were removed by 
subsequent acetone extraction. 

Approximately 37% of 8-propiolactone will dis- 
solve in water at 25°C [3]; accordingly, 5 to 35% 
concentrations of the lactone in water were used on 
purified thread pretreated as above. Results with 
the three diluents are shown in Table II. Best re- 
sults were obtained with xylene and tert-butyl al- 
cohol; less weight was obtained with the reactive 
diluent, water. 

Effect of reduced temperature. Since it had been 
shown by Gresham et al. [3] that, at ice-bath tem- 
peratures reactions of f-propiolactone in the pres- 
ence of strong alkalies were more easily controlled 
and produced fewer undesirable byproducts, this 
effect on the reaction with cellulose was investigated. 
Twenty-yard skeins of purified cotton thread were 
impregnated as before with 15% sodium hydroxide 
solution previously cooled to 5°C, and treated for 
1 hr in 50-ml portions of 5 to 25% solutions of 
8-propiolactone in water. The lactone solutions 
were maintained at 5°C for the duration of the treat- 
ment by ice-salt cooling. Another set of samples 
was treated in a similar manner except that the tem- 
perature was not controlled. The exothermic reac- 
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TABLE II. The Effect of Concentration of $-Propiolactone in Several Diluents on Its Reaction with Cotton 
Cellulose in the Presence of 15% Sodium Hydroxide Solution 


In Xylene 
Concentration Carboxy- 
of B-Propio- Wt. ethyl 
lactone Gain Content 
(%) (%) (%) 
5 4.3 3.0 
10 11.7 6.3 
15 16.3 6.6 
20 26.3 7.3 
35 — — 
40 33.3 8.7 
60 36.8 9.2 


80 38.2 9.2 


39.1 





tion was sufficient to cause boiling of the mixture. 
The treated samples were neutralized and extracted 
to remove byproducts as in previous experiments. 
The results confirmed the findings of Gresham et al., 
larger weight gains being obtained at the lower tem- 
perature, as shown in Table III. Weight gains in- 
creased with concentration of lactone up to about 
25%, which represents the approximate solubility in 
water at 5°C. 

Effect of time of reaction. Skeins of purified cot- 
ton thread were treated with 15% sodium hydroxide 
solution and then soaked in £-propiolactone for 
1 min, drained of excess, and allowed to stand on 
watch glasses for various times up to 120 min. After 
standing for the prescribed time, each sample was 
neutralized and then extracted with boiling water. 





TABLE III. Effects of Temperature and Concentration of 
8-Propiolactone in Water on Its Reaction with Cotton 
Cellulose in the Presence of 15% Sodium 
Hydroxide Solution 








Temperature Temperature 
Uncontrolled* of 5°C 
Concen- ———_— 
tration of Carboxy- Carboxy- 
B-Propio- Wt. ethyl Wt. ethyl 
lactone Gain Content Gain Content 
(%) (%) (%) (%) (%) 
5 0.7 1.0 1.9 1.5 
10 8.9 6.6 15.3 4.6 
15 13.5 7.9 19.3 4.4 
20 17.6 9.3 23.1 5.1 
25 19.7 8.0 32.4 6.3 
30 21.1 8.2 Tt ones 
35 22.8 8.3 t — 


* Heat of reaction caused the solutions to boil at the begin- 
ning of the reaction period; they then cooled during the 
remainder of the time. 

t 25% is about the highest concentration of 8-propiolactone 
which will dissolve in water at 5°C. 


In Tert-Butyl Alcohol In Water 
Carboxy- Carboxy- 
Wt. ethyl Wt. ethyl 
Gain Content Gain Content 
(%) (%) (%) (%) 
| 3.4 0.7 1.0 
14.7 5.4 8.9 6.6 
19.5 6.7 13.5 7.9 
23.0 6.7 17.6 9.3 
— — 22.8 8.3 
28.2 6.8 -— — 
31.0 6.6 — — 


Results, shown in Table IV, indicate that the reac- 
tion starts almost immediately upon contact with the 
8-propiolactone and is relatively complete within 
5 min. 

Other catalysts. To ascertain whether there might 
be other basic compounds which would catalyze the 
reaction of 8-propiolactone with cotton cellulose, sam- 
ples were made alkaline with potassium hydroxide, 
mono-, di-, and triethanolamine, and Triton B.° 

When purified cotton thread was impregnated with 
10 to 50% solutions of potassium hydroxide, followed 
by treatment with -propiolactone for 1 hr, the 
weight gains were of the same order of magnitude 
as with sodium hydroxide. Results are shown in 
Table V. 

When mono-, di-, and triethanolamine were used 
as basic media on cotton in 15% concentration, fol- 
lowed by treatment with B-propiolactone, the sample 
treated with the monoethanolamine gained 6.5% in 
weight whereas the other two samples gained no 
weight. 

Using a 15% solution of Triton B* (trimethyl- 
benzyl ammonium hydroxide) in a similar manner, 





TABLE IV. Effect of Time of Reaction of 8-Propiolactone 
with Cotton Cellulose in the Presence of 15% 
Sodium Hydroxide Solution 


Time of | Weight Carboxyethyl 
Reaction Gain Content 
(min) %) (%) 

1 3.8 2.5 

5 20.1 5.8 
10 21.1 6.0 
15 : 20.7 8.3 
30 18.5 6.9 
45 21.1 8.4 
60 20.1 8.2 
120 22.1 7.8 
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TABLE V. The Effect of Potassium Hydroxide Solutions of 
Different Concentrations on the Reaction between 
Cotton Cellulose and 8-Propiolactone 


Concentra- Wet Carboxy- 
tion of KOH Pickup Weight ethyl 
Solution of KOH Gain Content 
(%) (%) (%) (%) 
10 117 14.1 8.7 
20 157 24.5 9.5 
30 174 24.0 9.6 
40 186 15.9 8.8 


50 202 12.0 7.6 








the weight gain after extraction with boiling water 
was 64.5%. Since there was evidence of polymer 
formation, the sample was then extracted with hot 
acetone: The weight gain was only 10.5%, indicat- 
ing that the earlier value was attributable mainly 
to unbound polyester or other water-insoluble 
compounds. 


Composition of the Products 


As stated previously in this paper, on the basis 
of the reactions of alcohols, the chief product of 
reaction of cellulose and alkali-catalyzed B-propio- 
lactone should have been a cellulose hydroxypro- 
pionate. However, the results of acid-base titrations 
of the treated samples showed that a relatively large 
proportion of the weight gain of each sample is 
accounted for as carboxyethyl residues. After sa- 
ponification to remove ester and polyester residues, 
approximately 10 to 20% of the carboxyethyl groups 
remain. This indicates that some direct etherifica- 
tion of the cellulose has taken place. Thus, the 
reaction between 8£-propiolactone and cotton cellulose 
is atypical of its reaction with other alcohols. The 
products of all experiments contained some ester 
and some ether groups and the various polyesterifica- 
tion products thereof. 

Saponification. Samples with 3.4 to 6.8% car- 
boxyethyl content and representing 5.7 to 39.1% 
weight gain were saponified with 2% aqueous so- 
dium hydroxide on a steam bath for 3 hr. They 
gave products with decreased carboxyethyl contents 
(Table VI). Carboxyethyl groups attached through 
ether links directly to the cellulose molecule are not 
removed by saponification under the conditions used. 
This stability was shown when a sample of carboxy- 
ethyl cellulose obtained by another method—treat- 
ment of cellulose with acrylonitrile as described by 
Vaughan. [5]—showed no change in carboxyethyl 
content after saponification. The loss in carboxy- 
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TABLE VI. Saponification of Cellulose-3-Propiolactone 
Reaction Products 

Carboxyethyl 

Weight Carboxyethyl Content after 

Gain Content Saponification 
(%) (%) (%) 
5.7 3.4 0.8 
14.7 5.4 1.1 
19.5 6.7 1.1 
23.0 6.7 1.2 
28.2 6.8 1.3 
31.0 6.6 1.3 
1.5 


39.1 6.5 


ethyl content of the cotton reacted with 8-propio- 
lactone was probably due to residues attached to the 
hydroxyl group of the hydroxypropionic acid ester 
of the cellulose. This group would be saponified by 
the treatment. 


Conclusions 


8-Propiolactone reacts exothermically with cotton 
cellulose in the presence of strong alkalies such as 
potassium and sodium hydroxide and, to a lesser 
degree, in the presence of such organic bases as tri- 
methylbenzyl ammonium hydroxide and monoethanol- 
amine. It does not react in the presence of di- 
and triethanolamine. Simultaneous esterification and 
etherification take place with subsequent reaction of 
more 8-propiolactone with the attached groups. 

At room temperature the reaction takes place 
almost immediately upon contact of alkali-treated 
cellulose with the 8-propiolactone and is essentially 
complete within 5 min. Lowering of the temperature 
increases the extent of reaction. 

The ether link formed by direct etherification of 
the cellulose is stable to alkaline hydrolysis. As 
expected, however, the esters formed are split off 
by hot, dilute solutions of a strong alkali. 
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Abstract 


A paper chromatographic study of the amino acid compositions of several histo- 
logical fractions of wool has been conducted. The fractions considered were epicuticle, 
cortical cell membranes, paracortex, and regenerated oxidized keratin. Samples of these 
fractions were hydrolyzed with hydrochloric acid, and quantitative analyses of the amino 
acid content of these hydrolysates were accomplished through a modification of the 
standard two-dimensional paper chromatographic technique. The epicuticle was found 
to contain normal amounts of cystine but extraordinarily large quantities of aspartic 
acid and glutamic acid. In addition to confirming the results of the phosphotungstic 
acid analyses for cystine reported in a previous paper [14], the chromatographic studies 
of the paracortex showed large amounts of the basic and small amounts of the dicar- 
boxylic amino acids to be present. The extremely low total.of amino acid content 
found in the cortical cell membranes indicated the possible presence of some nonprotein 
constituent. 





Introduction 


Many investigators have concluded that the vari- 
ous histological fractions of the wool fiber exhibit 
many differences in chemical and physical properties. 
Since most of the fractions studied have been shown 
to consist largely or wholly of protein, it would seem 
that this wide variation in behavior might be at- 
tributed to the molecular structure of the protein; 
i.e., each fraction is composed of protein of a physical 
and/or chemical structure different from that of any. 
other fraction. It would be quite natural to assume 
that at least a part of these structural differences lies 
in the presence of different amino acids in the molecu- 
lar chains of each of the several distinct protein spe- 
cies. Several investigators [4, 10, 16, 17, 18, 19] 


1 This article is based upon part of a dissertation sub- 
mitted by Richard L. Golden in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy at 
Princeton University. 


2? Research Fellow, Textile Research Institute. Present 
address: Socony-Vacuum Laboratories, Paulsboro, New 
Jersey. 


% Consultant, Textile Research Institute, and Professor of 
Chemical Engineering, Princeton University. 


4 Visiting Fellow, Textile Research Institute. Present 


address: Chester Beatty Research Institute, Royal Cancer 
Hospital, London, England. 


have explored this possibility qualitatively, only to 
find that, almost without exception, the amino acids 
present in wool as a whole are present in each of its 
histological components. 

Although each of the several wool fractions con- 
tains the same amino acids, they do not necessarily 
all contain the amino acids in the same proportions, 
and this fact may be responsible for many of the 
property differences encountered. While a few work- 
ers have reported partial amino acid analyses of some 
fractions, none has attempted to analyze completely 
all the important histological fractions of wool. This 
paper is a report of a quantitative chromatographic 
estimation of the amino acids obtained when the prin- 
cipal wool fractions are hydrolyzed with hydro- 
chloric acid. 

The authors are aware of the difficulties inherent 
in interpreting hydrolysate analyses in terms of his- 
tological components of the original wool or of draw- 
ing conclusions as to actions of the wool in other 
reactions, such as dyeing, from such analyses. It is 
hoped, however, that the analyses of several fractions 
from a_ single identifiable wool source may be of 
value to other investigators and users of this type 
of fiber. 








| 
} 
i 
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Procedure 


Wool fractions which were of interest, due to their 
histological significance or importance in previous 
investigations, and which could be isolated ° for chro- 
matographic analysis were: (1) whole wool; (2) 
paracortex [13]; (3) epicuticle [12]; (4) cell mem- 
branes [13]; (5) “a-keratose” [1]. 

These fractions were prepared, as described in the 
Appendix, by treatments which provide a solid resi- 
due of the desired material. These residues were 
then hydrolyzed in strong acid medium, purified, and 
finally dissolved in 10% isopropanol. The hydroly- 
sates so obtained were refrigerated during the stor- 
age preceding the chromatographic analysis. 

The chromatographic analysis, also described in 
detail in the Appendix, was of the double elution 


5 Evidence as to the identity of these fractions has been 
presented in a previous paper by one of the present authors 
[13]. Identifying photomicrographs and substantiating evi- 
dence will not be repeated here. 





Fig. 1. Typical two-dimensional chromatogram of a wool 
fraction hydrolysate. 


335 


type. Quantitative results were obtained by devel- 
opment in solution of the color of the concentrated 
individual amino acids and measurement on a 
photometer. 


Identification and Quantitative Estimation of Amino 
Acids Resulting from Hydrolysis of Wool Fractions 


Analyses were conducted on two aliquots of each 
of two hydrolysate solutions obtained from individ- 
ually prepared samples. Chromatograms for each of 
the four wool fractions and whole wool were neu- 
tralized, hydrated, eluted, and sprayed in the usual 
manner. A typical result is shown in Figure 1. 
Hydrolysis was apparently complete in all samples. 
No unidentifiable spots appeared on any of the chro- 
matograms. By comparing the Ry, values of each 
unknown with the standard Ry, values of Table I, 
the amino acid forming each spot was identified. 
The spots were then cut from the chromatograms, 
and the color was developed and measured as before. 
The transmission readings were compared with the 
calibration curves to give the quantity of amino acid 
in each spot (i.e., the quantity of each amino acid 
contained in the hydrolysate applied to the chro- 
matogram). The means of the four values obtained 
for each amino acid in each fraction, reported as per 
cent of the original weight of amino acids applied, 
are shown in Table II.. 





TABLE I. Summary of R; Values Obtained from 
Calibration Chromatograms * 


Amino Acid Ry,t Ry,t 
Aspartic acid 0.20 0.16 
Tyrosine 0.75 0.29 
Arginine 0.63 0.13 
Leucine 0.94 0.47 
Valine 0.91 0.38 
Serine 0.28 0.21 
Alanine 0.61 0.26 
Phenylalanine 0.89 0.42 
Lysine 0.64 0.11 
Cysteic acid 0.02 0.10 
Glutamic acid 0.40 0.23 
Cystine 0.17 0.25 
Threonine 0.60 0.25 
Proline 0.92 0.30 
Glycine 0.45 0.20 
Histidine 0.87 0.18 
Methionine 0.86 0.38 
Lanthionine 0.18 0.04 


* Each figure is the arithmetic mean of four values. 
+ Ry value in phenol solvent. 
t R,; value in butanol-acetic acid solvent, 





Amino Acid 
Aspartic acid 
Arginine 
Leucine 
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TABLE II. Summary of Results of Chromatographic Analyses 


Whole 
Wool 
(%) 

8.8 
10.7 
8.1 


Epicuticle 
(%) 
24.7 


nw 
nN 


Valine ai 
Serine 10. 
Alanine 1 
Phenylalanine 1 
Lysine 

Glutamic acid 

Cystine 13.1 
Threonine 7.0 
Proline 6.9 
Glycine 


— dO 
ONNar=ooMmNS 
stn © Un sr > & We OO = OO 





Discussion of Results 


The values in Table II were calculated from actual 
weights of amino acids in the hydrolysates and not 
as in the protein chains. The values by either 
method will be closely similar, varying slightly with 
the molecular weight of each acid as compared with 
the average molecular weight of the fraction. It is, 
of course, difficult to get a good estimate of the 
average molecular weight. 

It will be noted that no values for cysteic acid or 
lanthionine appear in Table II, although both of 
these acids were present in the fractions and detected 
in the analyses of the several hydrolysates. In the 
place of reporting these materials, each cystine figure 
in Table II is a composite calculated from the analy- 
ses for cystine, cysteic acid, and lanthionine. The 
data are presented in this way on the assumption 
that all, or nearly all, of the cysteic acid and lan- 
thionine are degradation products of cystine (formed 
during isolation or hydrolysis procedures) rather 
than constituents of the original wool. This same 
assumption is inherent to various chemical methods. 
The relatively erratic behavior of analyses of the 
S-bearing acids such as cysteic acid, lanthionine, and 
cystine in the various fractions, with consistency of 
the summation in terms of cystine, contributes to this 
assumption. Thus, the figures for cystine present in 
the original, untreated fractions were obtained as 
follows: Total cystine = [cystine found] + | (cysteic 
acid found) x (mol. wt. cystine) /(mol. wt. cysteic 
acid) ] + [(lanthionine found) Xx (mol. wt. cystine) 
/(mol. wt. lanthionine) }. 


Cell 


Membranes Paracortex 


+ + 


Epicuticle a-Keratose Epicuticle 


(%) (%) (%) 


3.9 8.1 5.0 
11.2 10.8 15.6 
6.2 6.8 8.7 
1.9 2.4 
10.: 10.5 
kL. 
1. 


1.7 


16.5 
13.3 
6.6 
6.3 


The cystine figure reported for whole wool is a 
mean of the two values obtained from the second 
sample of preparation only. Cystine was lost in the 
hydrolysis of the whole wool sample of the first 
preparation, since the addition of formic acid to the 
hydrolyzing acid was neglected. Formic acid acts 
as a cystine preservative. All other figures in the 
table are averages of four aliquots, as previously 
noted. 

The data of Table II are not intended to imply 
that the epicuticle is the only fraction containing 
lysine. Rather, the epicuticle was the only sample 
in which sufficient hydrolysate solution was applied 
to provide a quantity of lysine detectable by the 
ninhydrin reaction. Glutamic acid, aspartic acid, and 
cystine predominate toe such an extent that it became 
necessary to apply unusually large amounts of hy- 
drolysate to the chromatograms in order to detect 
the presence of the other amino acids. 

Amino acids not detected were histidine, methio- 
nine, tyrosine, tryptophan, and isoleucine. Lack of 
detection does not infer that they are not present, 
but merely that they were either destroyed in the 
course of the analytical procedure, coincident with 
other, larger spots on the chromatograms, or present 
in extremely small quantity. Histidine, methionine, 
and tryptophan are known to be present to only a 
very small extent in wool [7] and, therefore, prob- 
ably failed to give a visible reaction with ninhydrin. 
It is known that, in the case of the ninhydrin-amino 
acid reaction, there exists a minimum weight for each 
acid below which no appreciable reaction takes place. 
The aromatic ring of the tyrosine molecule is known 
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to be sensitive to actions of many reagents, and it is 
therefore possible that tyrosine cannot be reliably 
determined by the present methods. Isoleucine ex- 
hibits R, values in most solvents that differ very 
little from those of leucine. The leucine figures pre- 
sented may therefore be expected to include the 
isoleucine in each case. 

Precision. In determining the precision of the 
analyses, the lysine values for the epicuticle and the 
cystine values for whole wool were not included, for 
reasons already stated. The alanine and pheryl- 
alanine determinations were, by inspection, so much 
less precise than the others that they were considered 
separately. 

In analysis of variance the logarithms of the values 
of the percentages were used rather than the per- 
centages themselves, in order to provide homogene- 
ity of variances. The mean square for different solu- 
tion preparations was found to be significantly greater 
than the mean square for replicates for any solution, 
as expected. Variance components, in units of [log 
(per cent)]*, for solutions and for replicates were 
found to be: 


Solutions: 0.000274 
Replicates : 0.000808 


Therefore, precision of the measurements, excluding 
alanine, phenylalanine, and lysine, but not cystine, 
can be estimated as follows: 


0.000808 , 0.000274 
ihe: ont ERE 


to.oss = 0.0368 (95% confidence limits) 


= 0.000339 


Since the logarithms of the data were subjected to 
variance analysis, per cent error will be the same for 
all amino acids. For example, if 2% is the mean of 
a specific acid : 


log 2 = 0.3010 
0.3010 + 0.0368 = 0.3378 and 0.2642 


These logarithms denote limits on the mean 2% 
value of 1.84 and 2.17, respectively, or a +8% error 
at the 95% confidence limit. 

The alanine and phenylalanine data were treated 
separately in exactly the same manner and were 
found to have an error of + approximately 70% at 
the 95% confidence limit. 

Whole wool. The data obtained for whole wool 
show a reasonable correspondence to values usually 


reported in the literature, such as, for example, 
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those of Harris and Crowder |7]. There are, how- 
ever, several appreciable differences between the data 
of Harris and those obtained here, notably the low 
percentages of leucine isomers, alanine, and phenyl- 
alanine, and the high percentages of serine and glu- 
tamic acid. Since amino acid composition varies 
with the source of the wool, these discrepancies are 
not surprising. 

Epicuticle. The fact that the cystine content of 
epicuticle differs little from that of whole wool is 
surprising, inasmuch as this membrane is known to 
be more resistant to chemical attack than any other 
fraction of the wool fiber. Geiger has reported [5] 
that cuticle material prepared by peptic digestion of 
reduced and ethylated wool shows a high cystine 
content. Possibly, layers of the cuticle other than the 
epicuticle have an abnormally high cystine content. 

Although no histidine was found in the epicuticle, 
Schuringa et al. [16] reported the presence of an 
unusually high percentage of this amino acid in epi- 
cuticle. However, these workers prepared their 
epicuticle samples by bromination and by sodium 
sulfide treatment, and they have pointed out [16] 
that the chemical composition of the membrane seems 
to be affected by the method of isolation employed. 
Cortical cell membranes would be present in the 
sulfide preparation. 

The very high figures obtained for aspartic acid 
and glutamic acid in the epicuticle are notable. It 
has been shown that the capsule of the anthrax 
bacillus, which is exceedingly resistant to enzyme 
attack, is composed entirely of polyglutamic acid 
[9]. Since the epicuticle is also unaffected by en- 
zymes and has been seen to contain a total of more 
than 50% dicarboxylic amino acids, it is possible 
that a situation similar to that in the anthrax cap- 
sule exists in the outer membranes of the wool fiber. 
The reason for the extreme resistance to enzymatic 
attack of the polyglutamic acid produced by the 
anthrax bacilli is believed to be the unusual p(—) 
configuration of the individual glutamic acid units. 
It has also been conclusively demonstrated that a 
certain number of the peptide bonds in this capsular 
substance are through y-carboxyl rather than the 
normal a-carboxyl groups. This fact has been cited 
as a possible explanation of the difference in behavior 
of the glutamic acid produced by Bacillus anthracis 
and that synthesized by Bacillus mesentericus, which 


also has the p(—) configuration but is readily solu- 
ble [9]. 
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Cortical cell membranes. In considering the data 
for cortical cell membranes plus epicuticle, the weight 
of epicuticle present in the preparation may be taken 
to be unimportant, since the epicuticle represents 
approximately 0.1% of the total weight of the fiber 
[12] while the cell membranes amount to 5-7% of 
the fiber weight [2]. The low percentage of cystine 
present in these membranes seems remarkable, since 
they have been shown to be quite resistant to chemi- 
cal attack. The figures for aspartic acid, serine, 
glutamic acid, and threonine are sufficiently low to 
attract considerable attention. In fact, the total of 
the percentages of all of the amino acids in the cell 
membranes is so low that the presence of some non- 
protein material is a possibility for speculation. 

Orthocortex. The figures for the composition of 
the orthocortex presented in Table III were calcu- 
lated from the values obtained for the paracortex, on 
the basis that the percentage of the weight of the 
fiber represented by the paracortex was 45.5%. 
This figure was obtained by means of separate gravi- 
metric determinations in which the residue left after 
tryptic digestion of supercontracted wool was care- 
fully weighed and this weight compared with the 
weight of the original wool. 

Horio and Kondo [8], whose views appear to have 
been confirmed by Mercer |13], claim that the para- 
cortex exhibits a preferential affinity for acid dye- 
stuffs. If this is true and if the dilute dyebaths 
used to demonstrate the preferential dyeing effect 
may be considered to be at equilibrium with the dyed 
fibers, it would be expected that the paracortex, in 
comparison with the orthocortex, contains the larger 
quantities of the basic amino acids, such as arginine, 
and smaller quantities of the dicarboxylic amino 
acids, such as aspartic acid and glutamic acid. This 
appears to be the case in the present experiments ; 
that is, assuming that no preferential extraction of 
dicarboxylic amino acids has been caused by the 
preparative treatments, it may be said that the find- 
ing that the paracortex contains larger quantities of 
arginine than the orthocortex is in accord with the 
preferential dyeing experiments reported by Horio 
and Kondo [8]. 

Paracortex. It is necessary to decide whether the 
preliminary preparative treatments may have led to 
an enrichment of the cystine in the residue by a 
preferential removal of other amino acids as has 
been suggested by Harris [6]. It seems unlikely, 
however, that any such attack at the molecular level 
could proceed far without causing a visible change 
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TABLE III. Comparison of Amino Acid Composition of 
Paracortex and Orthocortex 


Amino Acid Paracortex Orthocortex 

(%) (%) 
Aspartic acid 5.0 12.0 
Arginine 15.6 6.6 
Leucine 8.7 7.6 
Valine 2.4 4.0 
Serine 10.5 10.0 
Alanine 1.3 1.9 
Phenylalanine 1.9 1.5 
Glutamic acid 14.0 18.6 
Cystine 17.1 9.8 
Threonine 5.6 8.2 
Proline 5.6 8.0 


Glycine 2.7 9.1 


in the fibrous structure. Optically, the resistant 


‘ strand of paracortex appears unaltered and, in par- 


ticular, its birefringence is unaffected. This finding 
is difficult to reconcile with any appreciable alteration 
of the paracortex by the enzyme. The agreement 
obtained between other unsymmetrically distributed 
amino acids and the results of dyeing experiments 
would also seem to contradict the postulation of such 
That is, the close 
correspondence of the balance between acidic and 
basic amino acids in the two cortical sections, as 
determined by analysis of the residue from super- 
contracted and digested wool, and as inferred from 
the results of preferential dyeing experiments on 
untreated wool [8, 13], would seem to be more than 
merely fortuitous. The analytical results are there- 
fore reported at their face value, pending further 
demonstration of the reliability of the method of 
preparation.® 

a-Keratose. The material extracted from oxidized 
fibers by ammonia appears to be derived from the 
whole of the cortex and as yet there is no evidence 


preferential amino acid removal. 


to indicate an asymmetric distribution of the a-y- 
keratose fractions. 


Summary 


Quantitative amino acid analyses of hydrolysates 
of whole wool, epicuticle, “a-keratose,’”’ cortical cell 
membranes, and paracortex have disclosed the fol- 
lowing significant facts regarding the compositions 
of the several wool fractions. 

1. More than 50% of the weight of the epicuticle 
consists of residues of the dicarboxylic amino acids, 
glutamic and aspartic. 


6 After this paper was written, a publication [J. Am. Chem. 
Soc. 76, 5565 (Nov. 5, 1954)] was issued which indicates 
that, under some circumstances, trypsin can extract dicar- 
boxylic acids from a complex protein. 
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2. The cystine content of the epicuticle is practi- 
cally identical with that of whole wool. 

3. The amino acid composition of regenerated, 
oxidized keratin differs inappreciably from that of 
whole wool. 

4. The unusually low total of amino acid content 
found in the cortical cell membranes suggests the 
possible presence of some nonprotein constituent. 

5. The paracortex, or more chemically resistant 
section of the bilateral cortex has been shown to 
contain considerably more cystine than the ortho- 
cortex. 

6. The paracortex has been shown to be higher in 
the basic amino acids and lower in the dicarboxylic 
amino acids than the orthocortex. 


Appendix 
Experimental Methods 
Calibration 


A standard solution of known concentration of 
each amino acid of interest was prepared by weighing 
approximately 0.25 mM of the acid (except in the 
case of the relatively insoluble tyrosine) into a 25-ml 
volumetric flask and by dissolving the acid with 
water. Several drops of 1 N sulfuric acid were 
added to the flask containing cystine, since this amino 
acid is water soluble only at low pH values. All the 
amino acids used in the preparation of these standard 
solutions were of reagent grade and were dried care- 
fully prior to weighing. 

These standard solutions were applied to four 
series of chromatographic sheets. Each series con- 
sisted of four sheets, and each sheet contained four 
to five amino acids known to vary widely in R, value, 
the ratio of the distance of travel of the spot to the 
distance of travel of the solvent front. All four 
sheets in any one series contained the same amino 
acids, but the quantity of amino acid applied varied 
from sheet to sheet in the series. 

The chromatograms were neutralized, hydrated, 
and eluted in batches of three (randomly chosen). 
They were then sprayed with ninhydrin to develop 
the spots, and the R; values of the amino acids were 
measured. Means of four determinations are sum- 
marized in Table I. 

The spots were then cut from the chromatograms, 


and the color was developed and measured as pre- 


viously explained. The transmission readings thus 
obtained were used, along with the known values of 


the quantity of amino acid in each spot, to plot cali- 


re) 
% TRANSMISSION 


10 20 
Pg. OF AMINO ACID 


Fig. 2. Aspartic acid calibration curve. 
bration curves, an example of which is shown in 
Figure 2. 


Sample Preparation 


Fractionation. The fractions of interest for analy- 
sis, in addition to whole wool, were: (1) paracortex 
[13] ; (2) epicuticle [12] ; (3) cell membranes | 13] ; 
(4) “a-keratose” [1]. 

Samples of paracortex plus epicuticle were isolated 
by supercontracting small staples of laboratory- 
cleaned wool’ in water at approximately 130°C for 
1.5 hr and then digesting them in trypsin * at 37°C 
for 2 to 3 days. 


of paracortex surrounded by sheaths of epicuticle 


The residues, consisting of strands 


[13], were washed in distilled water, dried at 60°C, 
and conditioned at 70°F and 65% R.H. for 24 hr 
In the analysis of the residue it 
was assumed that the epicuticle present made a 


prior to weighing. 


negligible contribution to the weight of the sample. 

In order to obtain the first three samples, a frac- 
tionation procedure, as summarized in Figure 3, was 
used. Approximately 15 g of laboratory-cleaned 
wool ® was first treated for 24 hr in a 1.6% aqueous 
solution of peracetic acid. The treated wool was 
then washed thoroughly with distilled water and 
placed in 1.0% ammonia solution for several days. 
At the end of this period, the residue was filtered, 
washed thoroughly with distilled water, and placed 
in fresh 1.0% ammonia. 

The filtrate obtained from the first ammonia ex- 
traction was acidified with 1% sulfuric acid; and the 


flocculent precipitate of ‘“‘a-keratose” [1] was col- 
7 All wool used was a 70’s grade Australian merino ob- 
tained in 1949 through the Australian Wool Board for the 
Wool Research Project of the Textile Research Institute. 
8 Trypsin solution was prepared by adding sufficient pow- 
dered trypsin (reagent grade) to a 1% aqueous solution of 
sodium bicarbonate to give an enzyme concentration of 


0.01%, pH = 8.6. 
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Whole 
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Peracetic 
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Oxidized 
Wool 


1% Ammonia Solution 
(repeated extractions) 





c- ars 
Solution 


Sulfuric 
Acid 


| 


+ 
Regenerated 
Keratin 
(‘‘a-keratose”’) 


Residual 
Solution 
(‘‘y-keratose’’) 





Residue 
(cell membranes, 
epicuticle, and 
unidentified resistant 





particles) 
Trypsin 
Solution 
(37°C) 
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Fig. 3. Summary of wool fractionation procedure. 


lected by filtration, washed with acid and distilled 
water, dried at 60°C, and conditioned prior to 
weighing. 

The ammonia-insoluble residue was removed from 
the second ammonia bath after several days and 
again thoroughly washed. The filtrate from this 
extraction also gave some precipitate on acidifica- 
tion; therefore ammonia treatments of the residue 
were continued until a filtrate was obtained that gave 
no precipitate on acidification, a total of 5 to 6 ex- 
tractions being required. During the course of the 
last extractions, the mixture was agitated vigorously 
in order to free the residue of cortical cell nuclei 
and fibrillar remnants. The final preparation was 
examined microscopically and was concluded to con- 
sist of a mixture of fragments of cortical cell mem- 
branes and epicuticle [13] and was dried and con- 
ditioned prior to weighing. Again, the weight of 
epicuticle present was considered negligible. 

An attempt was made to isolate a sample of “y- 
keratose,” as defined by Alexander [1], by evapora- 
tion of the acidified ammonia extract after removal 
of the precipitate by filtration, but a thick syrup 
which charred when final evaporation was attempted 
was the only result. This syrup was unsuitable for 
quantitative amino acid analysis, since the weight of 
“y-keratose” it contained was unknown. 

The bulk of the cell membranes-plus-epicuticle 
fraction, after samples for analysis had been re- 


moved, was digested in trypsin for 24 hr. The only 
residue from this treatment was found to be a very 
small deposit of epicuticle fragments [13]; it was 
collected by centrifugation, washed, 
brought to standard conditions. 


dried, and 


This entire fractionation procedure was repeated 
on another 15-g batch of wool in order to provide 
replicate samples of each fraction. 

Hydrolysis. Between 15 and 40 mg of each frac- 
tion was hydrolyzed under reflux with 10-30 ml of 
a 1:1 (by volume) mixture of 6 N hydrochloric acid 
and 90% formic acid for at least 20 hr. The excess 
hydrochloric acid was removed by evaporation to 
dryness in vacuo at 35°C; the flask containing the 
resulting film of amino acid hydrochlorides was 
placed in a vacuum desiccator over magnesium per- 
chlorate for 24 hr. The hydrolysate was then taken 
up in warm water, filtered, again evaporated to dry- 
ness, and finally taken up in 1-3 ml of 10% iso- 
propanol. All hydrolysate solutions were kept under 
refrigeration prior to analysis. 


Technique of Preparation of Two-Dimensional Chro- 
matograms 


Chromatographic cabinet. 


The chromatographic 
cabinet consisted of a wooden box with double walls 
separated by 3 in. of bulk asbestos insulation. Its 
inside surfaces were protected from the action of the 
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solvent vapors by several coats of chemically resistant 
paint. One side of the box was hinged in order to 
provide access to its interior. This hinged side and 
also one end of the box were equipped with double 
glass windows to allow observation of the progress 
on the papers of the advancing solvent front. The 
inside dimensions of the cabinet were 26 X 18.5 
x 24 in. 

Chromatograms to be eluted were hung by means 
of stainless-steel clamps from the bars of an alumi- 
num rack which fitted into the cabinet. The lower 
edges of the papers dipped into the solvent which 
was contained in a 12 x 18 xX 34 in. enamel tray 
resting on the bottom of the cabinet. 

A recording thermometer indicated that the tem- 
perature within the cabinet varied not more than 
+3°F throughout any given run. 


Preparation of Chromatograms 


Preparation of paper. A sheet of Whatman No. 1 
filter paper cut to 1814 x 17% in. was marked with 
a cross 144 in. from both edges of one corner. This 
mark located the point of application of the sample 
for analysis. The sample was applied in aliquots 
of 2.5 or 5 microliters (yl) by means of a micro- 
pipette. These pipettes were filled by suction ap- 
plied by means of specially fitted syringes and were 
emptied by the capillarity of the paper to which the 
solutions were applied. Before using a pipette to 
dispense a new solution, it was rinsed several times 
with distilled water, several times with acetone, and 
allowed to dry. Between applications of successive 
aliquots, the paper was thoroughly dried by a cur- 
rent of warm air provided by a small blower to 
keep the final spot as small as possible. 

Neutralization and hydration (|13, page 36}]). 
After the spots were dried, the lower edges of the 
sheets were placed over a tray containing 4 N am- 
monium hydroxide for at least 4 min. This treat- 
ment with ammonia vapor serves to neutralize the 
hydrochloric acid bound to the amino groups and 
any free hydrochloric acid in the solution. The 
papers were then hung in a hood over a tray of 
boiling water and were subjected to steam for 10— 
15 min, the hydration of the paper providing more 
uniform chromatograms and more compact spots. 
The hydration, but not the neutralization, was re- 
peated after eluting with the first solvent and before 
treatment with the second. 

Eluting solvents. Batches of phenol solvent ([3, 
page 53]) were prepared by dissolving 100 ml of 
water in 400 ml of 90% aqueous phenol with gentle 
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warming. The solvent was stored in a dark bottle 
and kept under refrigeration. Since low tempera- 
tures cause this solution to separate into two layers, 
the bottle was vigorously shaken prior to use, and the 
desired quantity of the emulsion removed and gently 
warmed to effect solution. 

When eluting with this solvent, a beaker contain- 
ing 100 mg of sodium cyanide in 4-6 ml of water 
was placed in the chamber. 
phenol was retarded by 
cyanide. 

Butanol-acetic acid solvent ([3, page 55]) con- 
sisted of the top layer which is formed when 400 ml 
of n-butanol, 100 ml of glacial acetic acid, and 500 
ml of water are mixed. 


Decomposition of the 
the liberated hydrogen 


A beaker containing 50 ml 
of the bottom layer was placed in the cabinet during 
all elutions with this solvent in order to prevent 
excessive esterification. 

Elution of the chromatograms (|3, page 36]). 
The filter paper sheets were placed in the chromato- 
graphic cabinet and eluted by means of the ascend- 
ing solvent technique ([3, page 18]) with aqueous 
phenol for 36-48 hr. At the end of this period the 
papers were removed and hung in a hood so that the 
solvent might evaporate. This operation was con- 
tinued until the odor of phenol could no longer be 
detected (usually 24 hr). 

The paper was then cut at a distance of 2-3 cm 
below the solvent front in order to remove a large 
part of the phenol decomposition products. The 
chromatograms were then steamed, as previously 
noted, and replaced in the cabinet where they were 
eluted with butanol-acetic acid for approximately 
36 hr. Following this second elution (in a direction 
perpendicular to that of the first elution), the papers 
were again air-dried for 24 hr. 

Prior to elution with any solvent, a tray of solvent 
was placed in the cabinet for 24 hr before introduc- 
tion of the paper samples in order to allow time for 
saturation of the atmosphere within the cabinet with 
solvent vapors. 

Locating the amino acids (|3, page 37|). After 
the treated chromatograms were dried to remove the 
greater part of the solvent, the paper was sprayed by 
means of an atomizer with a 0.02% solution of nin- 
hydrin in water-saturated butanol. The sheets were 
then dried and placed in an oven at 60-70°C for 
15 min. Weak solutions of ninhydrin, such as the 
spray reagent used, destroy an inappreciable amount 
of the amino nitrogen present [11]. Thus, subse- 
quent quantitative determination of the amino acid 
in a spot was not affected by this preliminary spray- 
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ing of the paper with dilute ninhydrin. Ammonia 
and other nitrogenous substances were then removed 
from the paper by spraying with 1% potassium hy- 
droxide in methanol. 


Quantitative Determination of Isolated Amino Acids 


Development and reading of color. Heating of 
the ninhydrin-sprayed chromatograms developed each 
amino acid as a separate purple spot in the paper 
(yellow in the case of proline). Each spot was then 
cut from the paper, including a border of uncolored 
paper at least 14 in. wide (except in cases where 
neighboring spots were too close together to permit 
this). The spots were then cut into small pieces and 
placed in the bottom of a 20 x 250 mm Pyrex tube. 
These tubes were placed overnight in a vacuum 
desiccator over sulfuric acid. When they were re- 
moved from the desiccator, a mixture of 0.3 ml of 
a 0.3% solution of versene (disodium salt of ethylene 
diamine tetraacetic acid) in a pH 5 buffer and 3 mg 
ninhydrin dissolved in 3 ml n-butanol was added to 
each tube. Versene, a chelating agent, combats the 
inhibitive action of certain cations on the ninhydrin 
reaction. The presence of minute quantities of Al***, 
Hg**, Fett, Fe*t*, Mn**, Sn**, Ag’, or Cu**+ may 
serve to alter the color of the ninhydrin-amino acid 
reaction product or to prevent its formation com- 
pletely [15]. 

A cork covered with aluminum foil was used to 
close the tube, which was then heated in boiling 
water for 25 min and cooled in running water. After 
cooling, the colored solution was decanted from the 
tube and diluted to 10 ml with 50% (by volume) 
ethanol, part of the alcohol solution being used first 
to rinse the reaction tube. The color was measured 
in a Fisher Electrophotometer at 570 mp, except in 
the case of proline. The yellow reaction product 
formed with this acid was measured at 650 mu. 
The instrument was zeroed against a blank prepared 
exactly as above with the exception that no samples 
were placed in the reagent. 
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Abstract 


The effect of reducing agents on hair fibers was measured by studying the relaxation 
curves of fibers kept at constant elongation in a solution of the reagent. Where reduc- 
tion occurred, the extent of reduction, as measured by the final equilibrium stress level, 
was dependent on the electrode potential of the reagent. The reduction of stress cor- 
responded to reduction of cystine disulfide linkages within the fiber as shown by chemical 
analyses of treated hair fibers. The dependence of the amount of reduction on the 
reagent potential indicates that the cystine residues within the keratin fiber exhibit 


dissimilar E° values. 


Introduction 


Although the effect of reducing agents on keratin 
fibers has been extensively investigated, the role of 
the electrode potentials of these agents in their reac- 
tion with keratin has not been elucidated. Since the 
reduction of keratin is an important commercial proc- 
ess, it seemed worth while to evaluate the importance 
of this factor on the reduction of keratin. In addi- 
tion, it was hoped that the information obtained 
might shed more light on the properties and com- 
position of the keratin molecule. A method intro- 
duced by Speakman and Shah [9] appeared to be 
well suited to the purpose of following the reactions 
of intact keratin fibers. This method consists of 
following the relaxation in a fiber while it is held 
at a constant elongation and has been applied to the 
study of the reaction of reducing agents with keratin 
fibers by Reese and Eyring [6], Katz and Tobolsky 
[3], and Kubu and Montgomery [4]. It was de- 
cided, therefore, to use this technique to investigate 
the relationship between the redox potential of the 
reducing agent and the extent of reduction of kera- 
tin cystine. 

Experimental 


Construction and use of the tensiometer. The 
tensiometer was a modified Cenco DuNuoy Torsion 
Balance Surface Tensiometer (Figure 1) with the 


1 This paper is based on the Ph.D. dissertation of Herman 
E. Jass, Northwestern University, 1953. 

2 Present address: Biochemistry Department, Helene Cur- 
tis Ind. Inc., Chicago, Illinois. 


original torsion wire replaced by a heavier one and 
the beam replaced by a rigid tool-steel rod. A stain- 
less-steel hook was hung from the beam’s free end, 
and a glass fiber pointer was fastened to the tip of 
the beam. The reaction vessel in which the hair fiber 
was stretched (Figure 2) consisted of a jacketed 
Pyrex glass tube with a ground female connection 
at one end into which fitted a glass stopper whose 
ear was ground flat and which served as a base for 
the vessel. The tube had a 2-mm bore stopcock 
fused to the inner tube just above the stopper which 
served as a drain. The hair fiber under study was 
held at each end by a small hinged aluminum clamp. 
The fiber was cushioned by a strip of paper inserted 
in the clamp, and the jaws were locked by two ma- 
chine screws. One clamp was cemented to the core 
end of the stopper and the other suspended from the 
beam hook. Water at 25° + 0.2°C from a constant- 
temperature bath was circulated through the jacket 
of the reaction vessel. The torsion balance scale was 
calibrated by hanging analytical weights from the 
The 
scale readings could be estimated to 20-50 mg by 
means of the scale vernier and a magnifying lens. 


beam and balancing with the torsion balance. 


The balance was manually operated, readings being 
taken as often as once a minute during periods of 
rapid relaxation of the hair fiber under study. Stops 
were arranged above and below the beam to prevent 
The bal- 
ance point at zero stress was marked by bringing the 


changes in fiber length between readings. 


crosshair of a traveling microscope in coincidence 
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Fig. 1. Tensiometer assembly. 1, Side beam; 2, stainless- 
steel hook; 3, glass fiber pointer; 4, aluminum clamp; 5, 
adjustable platform; 6, platform height indicator; 7, grad- 
uated drum. 


with the illuminated glass fiber pointer at the end of 
the balance beam. The length of the fiber was meas- 
ured at 0.1 g of tension by the micrometer micro- 
scope, and the calculated extension was marked on 
the platform drum after being measured off by the 
microscope, the upper clamp being disengaged from 
the beam temporarily. Extension of a fiber was ac- 
complished by screwing down the tensiometer plat- 
form to the predetermined mark. During an experi- 
mental run the tension necessary to keep the pointer 
in coincidence with the microscope hairline was read 
from the scale, and the readings were converted to 
stress in dynes per square centimeter by means of 
the calibration curve and the cross-sectional area 
value previously measured. At the end of a run, 
the balance point was redetermined and a correction 
applied to the readings if necessary. Two to five 
runs were made with each reagent, depending on 
the agreement obtained. 

Hair sampling and measurement. A 2-cm length 
of glass tubing was cemented to each end of a micro- 
scope slide, parallel to the long edge of the slide. 
A slightly longer section of glass rod was placed 
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Fig. 2. Reaction vessel. 


inside each tube in the manner of a piston in a 
cylinder. The hair fiber was fastened to each rod 
with wax and the rod fastened to the cylinder with 
wax also, so that the fiber was held taut without ten- 
sion. The slide was placed in a water-filled cell and 
the hair’s dianieter read at regular intervals along its 
length with a microscope fitted with a micrometer 
ocular. The hair fiber was then rotated through 90° 
by revolving the sections of rod in the cylinders. 
The diameters were then read again at the same in- 
tervals.and a series of areas calculated from the two 
sets of diameter readings. Thus a total of 12-14 
areas were calculated for each 5-6 cm length of hair, 
and averaged. A fiber was not used if the ratio of 
maximum to minimum diameter reading was 1.2 or 
over because greater ellipticity of the fiber introduced 
considerable error in area measurement. Samples 
were also discarded if both edges could not be brought 
into focus at the same time, if the average deviation 
of diameter measurement from the mean was over 
4%, and if any signs of damage were evident. Sam- 
ples of hair were taken from scalps of women with 
no recent history of permanent waving or dyeing. 
Photomicrographs of cross sections of the samples 
were made, and the sample was not used if consid- 
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erable numbers of fibers with irregular cross sections 
were present. Acceptable fibers were washed thor- 
oughly with a detergent solution and soaked in dis- 
tilled water at least 8 hr before use. Samples of 
hair were taken from the same swatch of hair for 
any one set of comparable experiments. 
Determination of electrode potentials. The elec- 
trode potentials of the reducing solutions used in 
this study were determined with a smooth platinum 
electrode connected to a saturated calomel electrode 
in an all-glass apparatus which was sealed from the 
atmosphere by stopcocks. The apparatus was flushed 
with O,-free nitrogen gas before the chamber was 
filled with the reagent. Nitrogen gas from the cyl- 
inder was deoxygenated by successive washings with 
alkaline pyrogallol and acid chromous chloride solu- 
tions. The apparatus was air thermostated at 25° 
+1°C. The potential was determined by a Coleman 
model 3D potentiometer. A mercury-sealed stirrer 
was used to stir the contents of the reducing agent 
half-cell when the potentials of sulfite solutions were 
being determined, as was shown to be necessary by 
Noyes and Steinour [5]. The reliability of the ap- 
paratus was checked against a solution of ferro- and 
ferricyanide of known potential and cross checked 
with different sets of electrodes. No discrepancies 
were found. After the readings had come to equi- 
librium, usually about 2 hr, they were checked for 
24 hr to insure constancy. Where the E° values of 
reagents were being investigated, the concentration 
of the oxidized and reduced forms and the pH were 
determined before and after each potential deter- 
mination. 
Analyses. The chemical determination of cysteine 
and cystine in hair samples subjected to the action 
of reducing agents consisted of hydrolysis in an 
evacuated sealed tube at 120°C for 2-4 hr with an 
HCI-HCOOH mixture followed by spectrophoto- 
metric determination by the Shinohara method [7]. 
A finely divided hair sample was dried to constant 
weight in a vacuum oven at 90°C. A 30-60-mg 
sample was placed on a glass wool plug inserted in 
one end of a length of combustion tubing elongated 
at both ends (Figure 3). The tube was flushed with 
O,-free nitrogen and the reducing agent introduced 
for the desired length of time. The reagent was then 
blown out and the sample washed by dropping O,- 
free distilled water through the tube for 2 hr. The 
siphon to the water reservoir was arranged so that 
alternate water washings and nitrogen flushings could 
be made without opening the tube to the atmosphere 


O, FREE No> 


4 
0, FREE H,0 | 


m—— GLASS wooL 


HAIR SAMPLE 


Fig. 3. Hair reaction tube. 

at any time after the introduction of the reagent. 
The tube was also kept under a positive pressure of 
N, gas at all times. Two hours was found to be the 
minimum safe time for washing by analyzing re- 
duced samples for total cysteine plus cystine after 
various washing times and comparing this value to 
The 


optimum reducing time was determined in a similar 


the cystine content of an unreduced sample. 


manner by comparing the cysteine values obtained 
After 
the washing period, the upper end of the tube was 


after various times of exposure to reagent. 


flame sealed and the acid- hydrolysis mixture added 
through the other end. The tube was then evacu- 
ated, the other end sealed, and the sample hydrolyzed 
and analyzed for cysteine and cystine. 

Reagents. The mercaptoacetic acid used was 
freshly double-distilled material furnished by The 


Toni Company. Dithiodiacetic acid was prepared by 


the method of Smythe [8] by oxidizing mercapto- 


acetic acid with iodine and sodium bicarbonate and 
recrystallizing the product three times. The melting 
point was 103.7—106.0°C, uncorrected, and the prod- 
uct analyzed 99.8% pure. Sulfite solutions were 
freshly prepared from SO, gas and the desired base. 
Chromous chloride solution was prepared by reduc- 
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tion of the chromic salt in a Jones Reductor. Stan- 
nous chloride was a reagent-grade material used as 
such. All reagents were analyzed for reduced and 
oxidized forms by standard methods. 


Preliminary Measurements 


In the light of the findings of Katz and Tobolsky 
[3] that even carefully matched wool fibers exhibit 
variable relaxation curves, it was decided to restrict 
the investigation to human hair fibers. Preliminary 
experiments indicated that, with care in the selection 
of samples and in the measurement of cross-sectional 
areas, reproducible stress-time curves for fibers in a 
specific reagent were obtainable. In fact, duplicate 
curves would usually coincide on reaching the hori- 
zontal portion of the curve from which the final equi- 
librium stress levels were calculated. Table I dem- 
onstrates the reliability of the tension and area 
measurements with 2 fibers from the same head with 
extreme differences in diameter. 

A 25% elongation was used in order to produce 
a larger load, thereby providing a more accurate 
measurement of the degree ot relaxation. Speakman 
[9] had demonstrated the reproducibility of 30% 
elongations. Bull [2], however, showed that ex- 


tension beyond the Hookean limit was thermody- 


namically irreversible, and that damage occurred to 
the fiber when extended beyond 20%. However, he 
considered straightening of the a-keratin chain in- 
complete at this extension value. Preliminary re- 
laxation studies were conducted at 25% elongation 
in distilled water. Upon release of the tension, the 
fibers returned to their original length, and a second 
elongation produced relaxation curves which did not 
deviate significantly from the first curves. Bull [2] 
has concluded that, up to 20% extension, the a- 
keratin stretching is accomplished by the rupture of 
secondary valence bonds and that, over 20% exten- 
sion, the stretching is due mainly to conversion of 
a-keratin to B-keratin. Therefore, the reversible ex- 
tension involves breaking of polar and H_ bonds, 
which is mostly complete at extensions over 20%. 
Since, in this work, the authors wished to eliminate 
contributions of stress due to secondary valence 
bonds, an extension of 25% seemed logical. 

Figure 4 illustrates the effect of immersion of -hair 
fibers at 25°C and 25% extension in various reagents. 
Note that there is a precipitous drop in stress in 
fibers immersed in solutions of the reducing ions 
which is much more pronounced than the stress re- 
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TABLE I. Relaxation Curves of Fibers in 0.1 N HCl, 
j 25% Extension 
Fiber 1* Fiber 2f 
Stress 
Time Tension (dynes/ Time Tension (dynes/ 
(min) (g) cm?xX10-) (min) (g) cm*X10-5) 


0 14 4.3 0 24 4.0 
10 10.8 3.36 20 19.0 3.19 
20 10.0 3.12 30 18.79 3.16 
45 9.91 3.08 40 18.60 3.12 
60 9.88 3.07 50 18.51 3.11 

60 18.45 


Stress 


* Average cross-sectional area = 3.15 X 107-5 cm’. 
+ Average cross-sectional area = 5.84 X 1075 cm’. 





duction in fibers immersed in sodium nitrite solution, 
which exhibited an oxidizing potential. Actually, 
the latter curve is identical to the relaxation curve for 
fibers extended in distilled water. In Figure 5, the 
relaxations are replotted as stress versus log time 
curves. Now, after the period of rapid relaxation, 
the curve flattens out to a slow stress decay which 
is linear with the logarithm of time, at least over the 
period of observation. Katz and Tobolsky [3] found 
that relative tension (f/f°) of extended wool fibers 
decayed linearly with log time under only one set of 
conditions of temperature and degree of extension in 
water. In the present work, it was found that the 
stress decay in water and in most reagents became 
linear after the initial drop in tension when plotted 
as a function of log time. Since the authors were 
interested in the effect of reducing ions only, they 
tried to eliminate the initial drop in stress which 
occurs immediately after extension, even in inert 
salts and water, by equilibrating the extended fiber 
in a salt solution of the same ionic strength and pH 
as the succeeding reducing solution. This practice, 
however, made comparison of the total amount of 
stress reduction caused by different reagents virtually 
impossible because the initial stress levels observed 
upon immersion of the fiber in the reducing solution 
depended on the pH of the equilibrating solution. 
Thus, 24-hr immersion of an extended fiber in an 
alkaline equilibrating solution would cause a lower 
stress level to prevail than would be caused by an 
acidic solution, due to hydrolysis of labile cystine 
bonds by the former as well as secondary bonds. A 
second method would consist of equilibrating to a 
constant stress level rather than for a specified time. 
This was physically impractical because of the neces- 
sity for manual operation of the instrument. It also 
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—e~— NaNOe 
—~o NoHSO3 
—o— NaOACSH 
—e— NaSH 
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> 
° 


120 180 
TIME (MIN.) 
Fig. 4. Relaxation curves of fibers in reducing solutions. 


All solutions 1 N with respect to redox reaction and pH 7.0 
except NaSH (pH 9.2). 


STRESS DYNES / Cm2 (x10) 


200 
TIME (MIN) 


Fig. 5. Stress vs. log time plot of relaxation curves shown 


in Figure 4. 


would be tantamount to comparing final stress levels 
anyway, since the initial stress levels would not vary. 
It was decided, therefore, to compare the final stress 
levels resulting from treatment of fibers with differ- 
ent reducing agents, bearing in mind that only the 
order of effectiveness of the various reducing agents 
would be determined. 

Figure 6 illustrates the method of determining the 


final stress. A represents the relaxation curve of 


A OS M NHgHSO, 
8B O05 M NHgHSOs 


bad 
° 


STRESS DYNES / Cm*(x 10*) 
Nn 
° 





200 
TIME (MIN) 


Fig. 6. Relaxation curves of single hair fibers extended 
25%. A, in 0.5 M NH.HSQO, pH 6.1; B, in 0.5 M 
NH,HSO,, pH 6.1. 


fibers extended 25% in 0.5 M NH,HSO, solution, 
PH 6.1, and B represents the relaxation in 0.5 M 
NH,HSO,, pH 6.1, plotted as a function of log time. 
Note that the linear portions of both curves exhibit 
the same slope. The authors have assumed that the 
point where the curve becomes linear represents the 
completion of the faster reaction between reducing 


ion and keratin S—S bonds. The stress at this 


point is called by the authors the final equilibrium 
stress.* Thus, if curve A’ represents the slow stress 
decay in an equilibrating solution, then the portion 
B+ A’ must represent the same type of slow stress 
decay. Therefore, the nonlinear portion of B repre- 
sents the initial rapid drop in stress attendent on 
extension plus the reduction of keratin S—S bonds 


by HSO,- ions. By equilibration in sulfate prior to 
immersion in sulfite, curve B will represent only the 
reduction reaction. In the present studies, in only 
one case did the relaxation curve of a fiber in a re- 
ducing agent fail to reach linearity in a stress-log 
time plot. This was the reduction of hair fibers in 
NH,HSO,-H,SO,, pH 2, 0.5 M in SO,. Here a 
small initial drop faded into a straight-line decay 
which possessed a large slope and eventually flattened 


out again at a lower stress level. The equilibration 


3 The use of the terms “final stress” or “final equilibrium 
stress,” referring to the stress level at which the reaction 
between an extended fiber and a specific reagent is at equi- 
librium, is merely a continuation of the usage of previous 
workers. It should be remembered that this stress is neither 
a final nor an equilibrium value as regards the secondary 
stress decay of the fiber. As far as is known, all extended 
fibers relax continuously, even in water, at a rate which is 
apparently dependent primarily on the temperature and the 
degree of elongation. 
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Fig. 7. Effect of sulfite solutions on hair fibers. 
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Fig. 8. Effect of ammonium sulfite solution on hair fibers 
at pH 9.5. 


curve was linear, but its slope was also uniquely 
large. The authors can offer no explanation for the 
peculiar relaxation in this instance, and the stress 
level obtained is accordingly of doubtful value. 

In all cases but one, the reaction of reducing agent 
with the fiber was rapid enough to make the estima- 
tion of the final equilibrium stress levels easy and 
reproducible. By extrapolating the linear portion of 
the curve back toward the ordinate, the end points 
were easier to determine. The values for the final 
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TABLE Il. Effect of Sulfite Solutions on 
Extended Hair Fibers 
Equilibrium 
Stress Level 
(dynes/ 
cm? X 1078) 
2.25 
0.51 
0.85 


Reagent E 
(1 N) (volts) 


NH,HSO;-H,SO; —0.38 
NH,HSO; —0.035 
(NH,)2SO; —0.105 


stress, which ranged from 0.05 to 0.85 x 10* dynes/ 
cm*, were always duplicated to within 0.02 to 0.05 
x 10° dynes/cm*®. However, in the case of 1 N mer- 
captoacetate solution at pH 0.9 (Figure 12), the 
reaction was so slow that the final stress level could 
only be qualitatively estimated; that is, the deter- 
mination of the point where the slowly flattening 
curve became linear could not be exactly determined. 

Although a stress-log time plot was used to deter- 
mine each final equilibrium stress level reported in 
this paper, many of the illustrated reactions are 
shown as stress-time graphs or log stress-time graphs 
to make visualization of the relaxation curves easier, 
especially when many of them are included in one 
figure. 


Results - 


Results with sulfite solutions. The results of treat- 
ment of hair fibers with sulfite and bisulfite solutions 
(0.5 M in SO,) are shown in Figure 7. The data 
are summarized in Table II. The principle point of 
interest is that the equilibrium stress values fall in 
the same order as the potential of the reagent and 
not in the order of their pH values. The reason for 
the greater slope of the acid sulfite curve is not 
known. Because the different OH~ concentration 
could be a factor in determining the equilibrium 
stress levels attained, the effect of different pretreat- 
ments were investigated. Figure 8 indicates that 
hair fibers previously equilibrated in sulfate solutions 
of pH 6.1 and pH 9.5, respectively, will reach equi- 
librium at the same stress levels with a 0.5 M sulfite 
solution at pH 9.5. This also would seem to indicate 
that hydroxyl and sulfite ions attack the same bonds 
[11]. To demonstrate further that the pretreatment 
does not affect the equilibrium stress level attained 
with a specific reducing agent, the experiment illus- 
trated by Figure 9 is included. Here, despite the 
considerable difference in concentration of the equi- 
librating solutions and the time of pretreatment, the 
reducing agent brings both curves together again. 
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Fig. 9. Effect of time of pretreatment on equilibrium 
stress level. 


Figure 10 indicates the effect of the same three sul- 
fite reducing agents on fibers, each of which has been 
previously equilibrated in a nonreducing solution of 
the same ionic strength and pH as the subsequent 
reagent. Even though the initial stress levels are 
quite different than the values shown in Figure 7, 
the equilibrium stress levels are practically the same 
in both sets of experiments. The actual amount of 
reduction in the case of ammonium sulfite at pH 9.5 
is very small, which emphasizes the fact that the 
alkaline pretreatment involved reaction with reduci- 
ble cystine bonds. This conclusion is borne out fur- 
ther by the results shown in Figure 11, illustrating 
the effect of the equilibrating solutions. Note that 
in the case of the solution of pH 9.5 a linear equi- 
librium curve is never attained. Since all the other 
curves with salt solutions and water reached linearity 
it would seem that in this case there is reaction of 
the cystine bond with OH- ion although at a very 
slow rate. The attainment of the same equilibrium 
stress level with or without pretreatment, despite the 
fact that hydroxyl ion and cystine form different 
products than are formed from the reaction of SO,- 
and cystine [11], would indicate that all the cystine 
residues in the hair fiber do not participate in the 
same mass action equilibrium. Apparently there is 
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Fig. 11. Fibers in control solutions. 
a range of reducibility of these cystine residues so 
that a reducing agent with a certain potential is 
capable of reducing only those residues whose poten- 
tial values are exceeded by its own potential, regard- 
less of the concentration of reduced bonds. 
Results with mercaptoacetate solutions. Table III 
summarizes the data obtained with ammonium mer- 
captoacetate solutions on extended fibers. The re- 
laxation curves are illustrated in Figure 12. 
stress is plotted against time in order to get all the 


Log 
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TABLE Ill. Effect of Ammonium Mercaptoacetate Solutions 
on Extended Hair Fibers 


Equilibrium 
Stress Level 

Reagent E (dynes/ 
No. (N) pH (volts) cm? X 10~*) 


1.0 0.9 —0.066 ’ 

0.5 4.95 0.181 0.70 
0.5 7.90 0.327 0.34 
0.5 8.72 0.360 0.23 
0.5 9.00 0.396 0.16 
0.5 9.43 0.426 0.08 
0.5 9.40 0.372 0.25 
0.1 9.40 0.254 0.60 


* Not estimated because of extremely slow reaction. 
+ 0.832 M in RSSR. 





All the fibers were extended 
overnight in solutions of the same pH and approxi- 
mate ionic strength before immersion in the reagent. 
The correlation between the equilibrium stress levels 
achieved with each solution and the reduction poten- 
tial of the solution is almost perfect. The lone ex- 
ception is that reagent 6 exhibits a higher equilibrium 
stress level than expected. In this case the molarity 
of dithio derivative is 1.7 times that of the thiol. 
Apparently at high ratios of RSSR/RSH the corre- 
lation between reagent potential and final stress level 
is less reliable. As in the case of the sulfite reac- 


curves on one figure. 


tions, the pH of the reducing solution does not ap- 
pear to be a factor in determining the equilibrium 


stress level. To test whether the measured poten- 
tials actually reflect the concentration of the dithio 
derivative, a series of potential determinations were 
made on ammonium mercaptoacetate solutions con- 
taining varying ratios of RSSR/RSH. The results 
are shown in Table IV. 

The average value for E° (omitting 280, 284) 
= —0.166 volts. The E° values are constant until 
the ratio of RSSR/RSH exceeds 2/1. Since con- 
centration values and not activity values were used, 
it is possible that the system is reversible even at 
greater ratios. It is obvious that the dithio concen- 
trations used in the above experiments were ade- 
quately reflected in the measured potential. 

At this point it appeared worth while to verify the 
main assumption, that the stress reduction caused in 
the hair fiber by reducing agents is due to rupture 
of disulfide bonds. Accordingly, chemical determina- 
tions were made of the cystine and cysteine content 
of samples of hair previously subjected to attack by 
mercaptoacetate solutions. 
marized in Table V. 


The results are sum- 
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Fig. 12. Effect of mercaptoacetate solutions on hair fibers. 


Here again, the correlation between the amount of 
reduction and the potential is good except that the 
extent of reduction is less in the case of the solution 
with the high dithiodiacetic acid content, just as was 
demonstrated by the relaxation curve for the reagent. 

Results with consecutive reagents. In order to 
determine whether the same equilibrium stress levels 
would result even after consecutive treatments with 
more than one reducing agent on the same fiber, the 
following experiment was performed. An elongated 
hair fiber was treated consecutively with 0.5 M am- 
monium bisulfite solutions at pH 2.1 and 6.0, and 
0.5 M ammonium mercaptoacetate solutions at pH 
7.92 and 9.41 (Figure 13). Although the equilib- 
rium stress levels could not be calculated as accu- 
rately as usual, they agree quite closely with the 
values obtained previously with the same solutions 
used individually (Table I] and III). The slight 
regain in stress at the start of each new section of 
the curve was due to a release of stress when the 
receding solution was drained. As pointed out by 
other workers, sulfite and thiol lead to different end 
products in their attack on cystine. Treatment of 
keratin with sulfite should lead to one-half the cys- 
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TABLE IV. Potential Determinations on 
Mercaptoacetate Solutions 


RSH RSSR_ RSSR/ E 
pH (M) (M)_ RSH _ (volts) 


10.4 0.359 0.221 1/1.6 0.440 
10.09 0.733 0.258 1/2.8 0.434 
9.41 0.469 0.0281 1/17 0.426 
4.95 0.506 00063 1/81 0.171 
9.69 0.140 0.0552 1/2.5 0.396 
9.70 0.0670 0.0279 1/2.4 0.386 
9.78 0.0124 0.0065 1/2 0.358 
9.38 0.0154 0.0203 1.3/1 0.333 
3.47 0.0128 0.105 8.2/1 — 0.066 
4.54 0.0060 0.147 24.5/1 —0.054 
9.40 0.492 0.832 1.7/1 0.372 


|. SULFITE, pH 2.2 
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Fig. 13. Reaction of hair fibers with consecutive reagents. 
teine concentration that reduction of the same num- 
ber of bonds with mercaptoacetate would liberate. 
Thus, if the cystine residues in the fiber all exhibited 
the same potential, the equilibrium stress levels ob- 
tained when sulfite is followed by mercaptoacetate 
should be higher than those obtained when mercap- 
toacetate alone is used. Since these final stress levels 
are the same as those attained with the reagents 
used individually, we must conclude that the mer- 
captoacetate solutions, with a greater reducing poten- 
tial, are reducing groups which the preceding sulfite 
solutions were not strong enough to reduce. 
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TABLE V. Cystine Reduction in Hair Fibers with 0.5 M 
Ammonium Mercaptoacetate Solutions 


Cysteine found 
E (% of original 
pH (volts) cystine) 


4.57 0.064 30.4 
7.98 0.317 43.5 
9.03 0.382 57.5 
9.39 0.430 64.1 
9.40* 0.372 19.5 


* 0.832 M in RSSR. 


TABLE VI. Equilibrium Stress Levels 


Stress 
Reduction 
(dynes/ 
cm?X 107%) 
3.13 
3.19 
3.62 


Equilibrium 
Stress Level 
(dynes/ 
cm? X 107%) 
0.69 


0.48 
0.37 


Reagent E 
(1 N) pH (volts) 


NaHSO; —0.188 
NaOAcSH 0.065 
NaHS 9.2 0.393 


Comparison between different reducing agents. 
Table VI summarizes the results of extending hair 
fibers in sodium bisulfite, sodium mercaptoacetate, 
and sodium hydrosulfide solutions. The correlation 
of potential with equilibrium stress level is in the 
expected fashion, indicating that the potential meas- 
urement can be extended to comparisons between 
reagents as well as to comparisons between different 
solutions of the same reagent. This conclusion as- 
sumes some attack by a reagent on the keratin cystine 
in the first place. 

Results of treatment of hair fibers with other re- 
ducing agents. Extended hair fibers immersed in 
1 M stannous chloride and chromous chloride solu- 
tions showed no appreciable reduction in stress (Fig- 
ure 14). This occurred despite the strong reducing 
potentials * of these two systems, —0.10 volt and 0.50 
volt, respectively. The first logical clue to this lack 
of activity would seem to be the positively charged 
character of these ions. However, recent research 
[10] has shown that a number of different ionic 
species, including negative ions, exist in solutions of 
stannous and chromous compounds, especially in the 
A run was also 
made with sodium hypophosphite solution, which 
should furnish a negatively charged reducing ion, 
with the same lack of stress reduction. All these 
experiments would seem to be examples of non- 
diffusion into the hair fiber. 


4The potentials were calculated, the two systems being 
irreversible toward the platinum electrode. 


presence of excess chloride ion. 
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Fig. 14. Effect of stannous and chromous chlorides on 
hair fibers. 


Kinetics of reactions of hair fibers with sulfite and 
mercaptoacetate. Reese and Eyring [6] found that 
the reaction of hair fibers with sulfite solutions was 
of the pseudo-first-order variety when the reagent 
concentration was above 0.01 N. On the assump- 
tion that the amount of stress lowering during a 
reaction was proportional to the number of cystine 
bonds reduced, they proposed the following rate 
equation : 


where S, is the stress at zero time, 5S; is the final 
equilibrium stress, and S is the stress at time ¢. 
Applying this equation to our results yields the 
curves shown in Figure 15. The curve for the 
bisulfite solution of pH 2 was not included because 
the amount of reaction was to small to be plctted 
accurately. The straight-line portion denotes a first- 
order reaction in verification of Reese and Eyring’s 
findings, although the initial curvature, denoting a 


diffusion effect, is more pronounced. The slopes of 
the reaction curves for both alkaline sulfite and bi- 
sulfite solutions are practically equal, yielding a veloc- 
ity constant of 2.5 x 10° sec"*. 
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Rate curves for the reaction of ammonium sulfite 
solutions with hair fibers. 


Fig. 15. 


Kubu and Montgomery |4], studying the relaxa- 
tion of hair fibers in mercaptoacetate solutions, found 
that the reactions were also first order kinetically. 
However, the velocity depended on the concentration 
of RS~ ion, as discovered by Bersin and Steudel [1] 
for the reaction of pure l-cystine and mercaptoacetic 
acid. Since the RS concentration depends on the 
pH, the velocity of the reaction should increase with 
increasing pH. In Figure 16, the data obtained for 
mercaptoacetate solutions are plotted as first-order 
reactions. The data for the run at pH 0.9 are not 
included because the reaction was so slow that it 
made calculation of the equilibrium stress level almost 
impossible. Since the stoichiometric mercaptoacetate 
concentration was the same in each reaction, it is 
clear that the rate-controlling factor is the concen- 
tration of RS~ ion as determined by the pH. At 
pH 8.72 and over, the thiol is so close to 100% 
ionized that the reaction rates are practically equal. 


Conclusions 


The foregoing experiments have demonstrated the 
importance of the reducing potential of the reagent 
in establishing the degree of reduction of the keratin 
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Fig. 16. Rate curves for reaction of ammonium mercapto- 
acetate solutions with hair fibers. 


cystine. These experiments have also indicated that 


the cystine residues in the fiber display a range of 


reducibility. In addition, the fact that the equi- 
librium stress levels are apparently independent of 
the pH or ionic strength would indicate that the 
variable reducibility is not due to screening of the 


cystine bonds by H bonds or salt bonds, since in- 
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creasing pH or ionic strength should cause dissocia- 
tion of these bonds, therefore making the screened 
cystine bonds more accessible. The correlation of 
stress reduction with cystine reduction is quite evi- 
dent although it cannot be proved that the stress in 
hair fibers is due solely to cystine crosslinks. 
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Differential Dyeing as an Indicator of Bilateral Structure 
in Wool: New Findings 


TEXTILE RESEARCH INSTITUTE 
Princeton, New Jersey 
February 28, 1955 


To the Editor 
TEXTILE RESEARCH JOURNAL 


Dear Sir: 


The existence of a bilateral structure in the cortex 
of fine, crimped wool fibers was demonstrated by 
Horio and Kondo [6] in 1953. They showed that 
the two components of the cortex differ from each 
other in dye receptivity, in swelling in alkali, and in 
birefringence after exposure to alkali; and that they 
appear to be in the form of hemicylinders wound 
around each other helically in phase with the fiber 
crimp, so that one component is always placed at the 
outer side of the crimp curvature, with the other 
component at the inner side. We now wish to report 
some new findings, regarding this differential dyeing 
behavior, that have an important bearing on the 
chemical nature of the two cortex components. 

Ohara, in 1938 in Japan, demonstrated the differ- 
ential dyeing effect on fibers dyed both in bulk and 
as cross sections with basic dyes [9]. He pointed 
out that in the case of a basic dye, such as Janus 
Green B, the convex outer portion of the crimp cur- 
vature is preferentially stained. He appears to have 
had limited success with acid dyes in this regard, but 
did claim that Orange G preferentially stained the 
concave inner side of the crimp curvature in some 
experiments. In 1939, Ohara also published obser- 
vations that these concave inner portions exhibit the 
greater birefringence [10]. The work of Horio and 





Kondo in 1953 [6] confirmed the findings of Ohara 
that the differential dyeing effect may be observed on 
fibers dyed both in bulk and as cross sections and 
that a basic dye, Janus Green B, preferentially dyes 
the convex outer portion of the fiber crimp curva- 
ture. These workers also reported that the acid 
dyes, Orange G and Ponceau 2R, preferentially dye 
the concave inner portions of the crimped fibers. 
Their views appear to have been shared by Mercer 
[7], who named the portion of the fiber more heav- 
ily dyed with basic dyes the “orthocortex.” He 
demonstrated that this portion could be removed 
preferentially from the remainder of the fiber by a 
process of supercontraction and subsequent digestion 
with the enzyme trypsin. The remaining portion of 
the fiber cortex, which was named the “paracortex” 
by Mercer, is generally more unreactive to chemical 
reagents. 

We have also been able to observe the differential 
dyeing effect with both acid and basic dyes, when 
dyeing followed cross sectioning, as well as when 
dyeing preceded cross sectioning. Such observations 
show that differential dyeing is truly a property of 
the cortex and is not a result of differential diffusion 
of dye through the cuticle. In addition, if the ortho- 
cortex is dyed preferentially by a basic dye and the 
paracortex is dyed preferentially by an acid dye, it 
must be inferred that the dyeing results represent an 
equilibrium phenomenon, with the orthocortex con- 
taining an excess of sites for basic dyestuff cations 
and the paracortex containing an excess of sites for 
acid dye anions. 

Such a view would appear to be confirmed by the 
amino acid analyses of several wool fractions by 
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(a) 


Fig. 1. 


tion dyed with a basic dye, Janus Green B (C.I. 133). 
(C.I. 698). 


(b) 


Golden, Whitwell, and Mercer |4]. Using a paper 
chromatographic technique, these workers carried out 
amino acid analyses of the whole wool fiber (Aus- 
tralian merino) and of the paracortex-plus-epicuticle 
fraction which was prepared by the procedure of 
supercontraction followed by enzymatic digestion. 
The paracortex in comparison with the orthocortex 
was found to contain larger quantities of a dibasic 
amino acid, such as arginine, and small quantities of 
dicarboxylic amino acids, such as aspartic acid and 
glutamic acid. The paracortex was also found to 
contain about twice the cystine content calculated for 
the orthocortex. 

Since it is possible to prepare cross sections prior 
to dyeing, a key experiment suggested itself as a 
logical way to test the idea that the orthocortex is 


preferentially dyed by basic dyes and the paracortex 
is preferentially dyed by acid dyes. This experiment 
is to prepare a section, dye it with a basic dye, and 
then attempt to prepare the next section a few mi- 


crons below it in the fiber bundle that is being sec- 
tioned. In this short length of fiber there is no 
opportunity for the preferentially stained half of the 
fibers to ‘ 


‘switch sides.” Accordingly, if the next 


section showed preferential staining of the opposite 


Photomicrographs of dyed successive sections of Rambouillet 64’s wool fibers (approx. 660). 


(a) Cross sec- 
Cross section dyed with an acid dye, Formyl Violet S4B 


half of the corresponding fibers, when dyed with an 
acid dye, the views of Ohara, Horio and Kondo, and 
Mercer would be confirmed. Such an experiment 
has been performed, and it has been found, instead, 
that the acid dye preferentially stains the same side 
of the fibers as the basic dye. 


Experimental Results 


Bulk samples of a 64’s wool (U. S. Rambouillet, 
in the grease) were given a multiple scouring, which 
involved treatments with a neutral detergent, dis- 
tilled water, and ether. 
ments, fiber cross sections approximately 5p» thick 


In one series of experi- 


were obtained with a Hardy-type microtome, using 
One section 
was dyed with the basic dye, Janus Green B (CI. 
133), 30 sec at 75°C and rinsed with distilled water. 
The section prepared from the next successive cut 


Neg-O-Lac as the embedding medium. 


of the microtome was dyed with the acid dye, Formyl 
Violet S4B (C.I. 698), 30 sec at 75°C and rinsed 
with distilled water. The photomicrographs of these 
two sections are shown in Figure 1. They were 
prepared and processed under identical conditions, 
and they clearly show that both the basic dye and 


the acid dye preferentially stain the same side of the 
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paeN 
(CH3)2 


(a) 


Fig. 2. Structural formulas of dyes used to produce effects shown in Figure 1. 


(C.I. 133). 


wool fiber. In Figure 2 the structural formulas for 
the two dyestuffs are shown. 

The dye-bath conditions were as follows: For the 
basic dye, the dye bath contained 1.0 g/l dye (0.1% ) 
and was adjusted to a pH between 7 and 8 (indicator 
paper) with a 10% NaHCO, solution; for the acid 
dye, the dye bath contained 1.0 g/1 dye, 0.3 g/1 acetic 
acid, and 2.0 g/l Na,SQ,. 

In another series of experiments, the 64’s wool 
fibers were embedded in a block of plasticized poly- 
methylmethacrylate and cross sections were pre- 
pared with a Spencer sliding microtome. Three suc- 
cessive sections, each about 5, thick, were dyed, 
respectively, with Janus Green B at pH 7.0, Formy! 
Violet S4B at pH 7.0, and Formyl Violet S4B at 
pH 4.2. The pH values were measured with a glass- 
electrode pH meter. All the dyeings were carried 
out at 70-75°C, the dyeing time for the two dyeings 
buffered at pH 7.0 was 60 sec, and the pH 4.2 dye- 
ing was carried out for 15 sec. All three sections 
showed pronounced bilateral dyeing, and in each in- 
stance the same sides of the fibers were preferen- 
tially dyed. 

For the dyeings carried out at pH 7.0, the dye 
baths contained 1.0 g/l dye and were 0.048 M in 
Na,HPO,, 0.029 M in NaH,PO,, and 0.029 M in 
NaCl. The dye bath used to apply the acid dye at 
pH 4.2 contained 1.0 g/l dye and 0.084 g/1 acetic 
acid. 

This second set of experiments demonstrates that 
the method of section preparation has no influence 
on the results. It also shows that the differentia! 
dyeing observed at pH 7.0 with the basic dye, Janus 
Green B, is relatively independent of the method 
used to produce neutral conditions and that the dif- 
ferential dyeing caused by the acid dye, Formyl 
Violet S4B, occurs at both acid and neutral pH 
values. 
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(a) Basic dye cation Janus Green B 
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S03, 


(b) Acid dye anion Formyl Violet S4B (C.I. 698). 


In the case of the basic dye, when fibers were dyed 
in bulk and then viewed longitudinally, the more in- 
tensely dyed portions of the fibers were always ob- 
served to be on the convex outer side of the crimp 
curvature, in agreement with the observations of 
Ohara and of Horio and Kondo. This was observed 
with fibers dyed for 30 min in the dye baths de- 
scribed previously at a liquor-to-fiber ratio of 100:1 
and at the two temperatures, 60° and 78°C. In the 
case of the acid dye, Formyl Violet S4B, similar 
dyeings carried out for 30 min at 60° and 78°C 
resulted in fibers with the convex outer side of the 
crimp curvature being preferentially stained. This 
finding, while in apparent conflict with the work of 
Ohara and of Horio and Kondo, is consistent with 
the results of dyeings carried out on cross sections. 
The outer portion rather than the inner portion of 
the fiber curvature was preferentially dyed with the 
acid dye both at pH 7 and under acid conditions. 

When discussing the differential staining they ob- 
served with the acid dye, Ponceau 2R (C.I. 79), 
applied at 60°C as a 0.1% solution, Horio and Kondo 
say [6]: “In this case the PH of the dye solution is 
very important and must be adjusted to 7.0 by dis- 
solving the dye in the appropriate buffer solution. 
When the fH of the solution is lower than 6.0 or 
greater than 8.0, the fibers are uniformly stained and 
no differential staining occurs.” When Formyl Vio- 
let S4B is used as the acid dye, our results show that 
no such rigid pH requirement is necessary. In fact, 
it would be surprising to find an acid dye that re- 
quires a pH of 7.0 to demonstrate its characteristic 
behavior. 

In an attempt to reproduce the results of Horio 
and Kondo, the following acid dyes, dissolved in solu- 
tions buffered at pH 7.0, were applied to 64’s wool 
fibers: Azophloxine 2G or Kiton Red G (C.I. 31), 
Ponceau 2R (C.I. 79), and Sulphon Orange G (Pr. 
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186). These dyeings were made over a tenfold range 
of buffer concentration and a ninefold range of dye 
concentration (0.1-0.9% ) and at three temperatures, 
60°C, 78°C, and at the boil. In nearly all instances 
there was no bilateral staining observed, although the 
intensities of the dyeings varied widely with the 
treatment conditions. At 78°C a few of the fibers 
dyed with Sulphon Orange G showed a bilateral 
staining effect, but the number of these was so small 
that the effect could hardly be considered charac- 
teristic of the dyed fiber sample, as was the case 
with the corresponding Formyl Violet S4B dyeings. 
In addition, all the fibers showing bilateral staining 
had the convex, outer portions of the crimp curva- 
ture more heavily stained. This is a confirmation of 
the results obtained with Formyl Violet S4B. 

As an additional check on these observations, a 
number of dyeings were made on bulk samples of 
an Australian 70’s wool (merino). Prior to dyeing 
the grease wool used was given the same scouring 
procedure used for the domestic 64’s wool. The 
results obtained paralleled those described previously 
for the 64’s wool, with minor differences in the rela- 
tive intensities of dyeing between the two wool types. 

In one instance when Ponceau 2R in 0.1% con- 
centration was applied at the boil to the 64’s wool, 
bilateral staining was observed, and this time the 
concave inner portion of the crimp curvature was 
found to be the more heavily dyed. This dyeing was 
carried out at pH 7.0 in a phosphate buffer for 30 
min, An important point here is that this phenome- 
non occurred at the boil rather than at 60°C, the 
temperature used by Horio and Kondo. It was also 
observed that the effect of the pH 7.0 buffer solution 
at the boil was to reduce drastically the crimp fre- 
quency in the wool fibers, regardless of the dyestuff 
involved. The dyestuffs, other than Ponceau 2R, 
generally gave intense, uniform dyeings when applied 
at the boil. 

Since it has been shown that sodium hydroxide 
solutions will preferentially extract the orthocortex 
of the wool fiber, leaving behind the more birefringent 
paracortex, and that this effect is accentuated when 
the wool fibers have been previously “sensitized” 
with acid [3], a logical way is presented to test 
whether Ponceau 2R preferentially dyes the para- 
cortex. This is to treat preferentially dyed fibers 
with sodium hydroxide solution and observe whether 
the more heavily dyed side of the fibers is prefer- 
entially attacked. If it is, then the orthocortex is 
the preferentially dyed portion. To check the 
method, fibers dyed with Formyl Viclet S4B at 
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80°C were exposed to 10% NaOH solution and 
observed continuously with the microscope. As ex- 
pected, the alkali preferentially attacked the more 
heavily dyed portion of the fibers, the orthocortex, 
after about 15 min at room temperature. 

This same procedure was then applied to those 
fibers dyed with Ponceau 2R at the boil and showing 
bilateral staining. Again, the alkali preferentially 
attacked the more heavily dyed portions of the fibers, 
which this time were on the inside of curvature. 
This proves that Ponceau 2R preferentially stained 
the orthocortex, just as did all the other dyes ex- 
amined that have shown the bilateral effect. It also 
indicates, of course, that the boiling pH 7 buffer 
solution not only reduces crimp frequency but ac- 
tually tends to reverse the crimp and place the ortho- 
cortex fraction on the inner rather than the outer 
portion of the crimp curvature. This is a possible 
explanation of the Horio and Kondo results with 
Ponceau 2R. It does not explain why they observed 
it at 60°C, whereas in this work it was observed 
only at the boil. 


Discussion of Results 


The observed dyeing behavior strongly suggests 
that the orthocortex is preferentially stained by both 
acid and basic dyes and that the phenomenon is to 
be associated with the greater reactivity or accessi- 
bility of the orthocortex to chemical reagents rather 
than to differences in the number of sites for dyeing 
in the two portions of the wool fiber cortex. Such 
a finding is also consistent with the fact that all 
keratin fibers, regardless of their origin, exhibit 
about the same acid-combining capacity. 

Another point raised by this finding is its possible 
relationship to objections raised by Harris [5] in 
respect to the amino acid analyses of Golden, Whit- 
well, and Mercer [4]. The paracortex-plus-epicuticle 
fractions analyzed by Golden were prepared by a 
process of supercontracting wool fibers with super- 
heated steam followed by digestion by the enzyme 
trypsin. By microscopic observation this process ap- 
peared to extract the orthocortex cleanly, leaving 
behind a paracortex-plus-epicuticle fraction. Harris 
has pointed out that, if this preparative procedure 
were to extract residues preferentially from the para- 
cortex containing lower contents of cystine and of 
basic amino acids such as arginine, the remaining 
paracortex would contain artificially high amounts 
of cystine and basic amino acids. At present no 
direct method has been used to determine the cystine 
contents of the two portions of the wool fiber cortex 
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[4, 8]. The cystine differences observed, however, 
are large and are in general accord with the cystine 
contents found by a direct method for other keratin 
fibers that are primarily “ortho” or “para” in nature, 
that is, kid mohair or human hair [2]. No such 
indirect confirmation of the amino acid analyses is 
available for the observation of the excess of basic 
amino acids in the paracortex. The confirmation 
given to this observation by the differential dyeing 
results of Ohara and of Horio and Kondo appears 
now to be spurious. 

In fact, a recent study of the amino acid composi- 
tion of B-ACTH (a physiologically active component 
of corticotropin from hog anterior pituitary) by Bell 
and others of the American Cyanamid Company [1] 
indicates a basis for the objections of Harris. They 
found this protein (molecular weight 4566) to con- 
sist of 39 amino acid “monomers,” of which 16 were 
different, to have its acidic and basic amino acid 
components grouped more or less separately from 
one another along the molecule, and to have its acidic 
amino acid components preferentially extracted when 
treated with enzymes. To the extent that an anal- 
ogy may be drawn between the work of Golden et al. 
[4] and these findings, that enzymes can extract di- 
carboxylic amino acids from a complex protein under 
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some circumstances, assumptions made regarding the 
absence of such extraction may be incorrect. 
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Note on the Effect of Nonuniformity of the Cross-Sectional 
Area upon the Tensile Behavior of Wool Fibers 


EXPERIMENTAL STATION 
Lethbridge, Alberta 
January 14, 1955 


To the Editor 
TEXTILE RESEARCH JOURNAL 


Dear Sir: 


Much attention has been given recently to the 
origin of differences in the stress-strain properties of 
single, undamaged wool fibers. For a long time the 
view ‘prevailed that these differences were caused by 
physicochemical variations within and between the 


chain molecules. However, the discovery of the 
polypeptide grid indicated that, because of the uni- 
formity in the molecular structure of all natural 
keratin fibers, the effect of different chemical com- 
position is in fact negligible [11]. Consequently, 
attention was directed toward the fiber geometry as 
a possible cause for the observed variations in the 
physical properties. 

Up to now three components of the fiber geometry 
have been studied in this connection: (1) The aver- 
age cross-sectional area (CSA) ; (2) the crimpiness ; 
(3) the fiber contour. 

As a result of these investigations a close de- 
pendence of the tensile properties on both average 
CSA [2, 3, 7] and crimp [1, 8] was established, 
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TABLE I. Variability in the Cross-Sectional 
Area of Wool Fibers 
Cross-Sectional Area 
Mean - — 
Fiber Coefficient 
Fiber Diameter Average Range of Variation 
No. (u) (u*) (u*) (%) 
1 16.1 204 111-248 18.0 
2 22.1 498 185-716 22.8 
3 27.9 612 485-726 11.0 
4 28.0 616 440-724 13.0 
5 36.0 844-1270 9.4 


1016 





whereas the effect of the contour ratio was found to 
be negligible [5]. 

However, it is doubtful that all differences in the 
properties connected with force can be explained 
adequately on the basis of average CSA and crimp. 
Obviously, crimp can influence only the initial por- 
tion of the load-elongation curve. On the other 
hand, as O’Connell and Lundgren [7] point out, 
even after the data are reduced to the same CSA, 
significant differences will remain between individ- 
uals and breeds, respectively. Furthermore, no ex- 
planation is available at present for the extremely 
wide range in relative extension, and for the con- 
siderable scatter in the Hookean slope also noted by 
Evans and Montgomery [3]. Likewise, it is not 
clearly understood why coarser fibers exhibit gen- 
erally greater extension to break [3, 6, 10] or why 
the relative extension decreases slightly, but sig- 
nificantly, with increasing specimen length [9]. Evi- 
dently a factor, equally or even more important than 
either the crimp or the average CSA, must be 
involved. 

In our work on volume changes in wool fibers 
under stress we have observed a phenomenon which 
clearly points to the importance of fiber uniformity 
in this respect. Following is a short account of our 
findings together with some theoretical considerations. 

It should be pointed out that, in previous experi- 
ments, including those referred to above, only the 
mean area of the cross section was determined. As 
a result, all conclusions were based on the assump- 
tion that the CSA was uniform throughout the entire 
length tested. However, differences in the CSA, 
even within distances much shorter than those com- 
monly used in the tests, are present. In general, 
every wool fiber may be regarded as consisting of a 
number of adjacent minute sections of different 
thicknesses. 

To demonstrate the degree of nonuniformity, 5 


fibers were selected at random from side wool. From 
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each fiber a section approximately 25 mm in length 
was mounted between the needles of a fiber rotator 
under tension sufficient to remove the crimps. At 
every 1-mm interval four measurements were taken 
by means of a screw micrometer—at the major axis 
and at 90°, 180°, and 270° turns thereupon—in order 
to increase accuracy. From these data the cross- 
sectional areas (25 on each fiber) were calculated. 
The means, ranges, and coefficients of variation are 
shown in Table I. 

In view of these variations wool must be consid- 
ered as a filament of irregular cross section. If a 
load is applied to such a filament the force at any 
transverse plane will have the same magnitude as at 
the points of suspension; whereas the intensity of 
force, also called stress, will vary, depending upon 
the CSA over which it is distributed. 
according to Hooke’s law, 


In this case, 


Y= Pa. or - = AL/L 

AL/L Y-A 
the elongation of the ninute sections is inversely 
proportional to their CSA, respectively, with the 
numerical value of the elongation naturally being 
dependent on the Young’s modulus. In other words, 
if a wool fiber is subjected to an axial force, differ- 
ential elongation will take place. 

The phenomenon of differential elongation was 
demonstrated experimentally as follows: A number 
of wool fibers of different origin and thickness, 25 
mm long, were divided into five equal parts, using 
nylon knots as markers. The fiber then was mounted 
in a specially constructed device. The fiber thick- 
nesses were determined in the decrimped state and 
the length of the segments at chosen elongation 
values. Unfortunately, the diameter measurements 
could be made only in one plane, but to compensate 
for this the number of measurements was increased. 
It was found that 20 individual measurements on a 
5-mm length canceled the effect of elliptical contour 
and natural twist, and, therefore, were sufficient to 
determine the average CSA of the segment. 

Two representative sets of data are presented in 
Tables II and IIf. Fiber No. 42/1 had a low ex- 
tensibility to break (13.9%) and an average thick- 
ness of 27.9». The averages of the segments indi- 
cated a gradual thinning from tip to root. The 
elongation of the segments was unequal. Prior to 
rupture the relative elongation of the first segment 
amounted only to 4%, whereas that of the fourth 
was 22% (Table II). 
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TABLE II. Partial and Total Elongations of Fiber No. 42/1 
as Related to the Mean Diameters of the Segments 


Mean 
Diameter Elongation 

Segment (x) (%) 
1 29.8 4.0 

2 30.2 10.2 

3 28.2 17.6 

4 26.4 22.0 

5 24.8 15.5 

1-5 27.9 13.9 





Fiber No. 10/1 exhibited a normal extension to 
break (32.9%). Data showing the relationship be- 
tween partial and total elongation at different levels 
of extension are contained in Table III. When this 
fiber was stretched, a differentiation took place. 
Each segment followed its own course, and this was 
particularly pronounced in the region of low exten- 
sibility. The important feature shown by this set of 
data was that at the same moment the different por- 
tions of the fiber were in different stages of their 
elongation, causing an overlapping of the regions of 
low and high extension. Before the fiber broke 
(32.9%) the finest segment was extended by 37.5% 
of its original length, while the coarsest by only 
28.0%. 

Essentially the same behavior was observed on 
10 other fibers. In every case the extensions were 
associated closely with the CSA of the segments. 
It was noted that within the 5-mm segments a con- 
siderable amount of nonuniformity was often present. 
Probably this accounts for the deviations found in 
Tables II and ITI. 

The extent to which the described phenomenon 
will affect the load-elongation curve and its parame- 
ters depends both on the degree and distribution of 
nonuniformity, and the basic properties of the mate- 
rial. In silk, which is a relatively uniform filament 
with a simple load-elongation pattern, the effect was 
found to be slight [4]. However, in wool, because 
of its complex histological and physical structure, 
and to. the varying degree of fiber uniformity gov- 
erned by physiological, genetical, and environmental 
factors, the possible consequences are numerous. In 
this connection only the most important ones will 
be mentioned. 

1. The load-elongation curve, as registered by the 
dynamometer, is the superimposed product of a vary- 
ing number of individual curves and consequently 
only as such can it be interpreted. The true stress- 
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TABLE III. Partial and Total Elongations of Fiber No. 10/1 
at Different Levels of Extension as Related to the 
Mean Diameters of the Segments 


Levels of Total Extension 





5.2% 15.5% 24.2% 32.9% 





Mean 
Diameter Elongation 
Segment (u) (%) 

1 30.0 2.0 6.0 20.0 28.0 
2 29.9 0.0 5.9 19.6 29.4 
3 28.0 3.9 21.6 27.4 35.3 
4 28.0 9.6 21.2 25.0 34.6 
5 26.6 10.4 22.9 29.2 32.5 

1-5 28.5 $.2 15.5 24.2 





FORCE (Groms) 





EXTENSION (Percent) 


Fig. 1. Graph showing the changes in the force-extension 
curve due to nonuniformity in the cross-sectional area. 


strain properties of the wool are represented by the 
component curves. 

2. Wool has a great initial resistance to extension, 
but once this is overcome it extends readily. This 
initial resistance constitutes a hindrance; thus the 
component curves will be superimposed with a sub- 
sequent delay. The delay depends upon the magni- 
tude of differences in the CSA. As a result the 
following changes will appear : the curve flattens out, 
the Hookean slope (H) decreases, the yield point 
(Y) is shifted, and, as some portions are still in their 
Hookean extension, whereas most of the fiber is in 
plastic flow, the curve appears steeper in the region 
of high extension. In extreme cases even a sec- 
ondary yield point may appear, as observed by Burte 
[12]. Naturally, this modifies slightly the value of 
the initial Young’s modulus and probably that of 
some other physical constants. 

3. An apparent decrease in both extension to break 
(Bz) and breaking stress (By) occurs. If no chemi- 
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cal or mechanical degradation is present, it is the 
thinnest segment which acts as a limiting factor for 
both characteristics. 

A schematic representation of the above changes 
is given in Figure 1, which shows the component 
curves (thin continuous lines), the average curve 
(dashed line), and the superimposed curve (dotted 
line) in relation to each other. It is realized that 
the differences between the average curve and the 
superimposed curve are actually less than it would 
appear from the graph if the variations in the CSA 
have a normal frequency distribution. 
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Weavability Graphs 


UNIVERSITY OF MANCHESTER 
College of Technology 
Manchester, England 
February 17, 1955 


To the Editor 
TEXTILE RESEARCH JOURNAL 


Dear Sir: 


Concerning the two important papers by Louis 
Love [2] and John B. Dickson |1]| dealing with 
aspects of cloth geometry, I should like to submit 
the following remarks. 

In defining cover factor K as n VN, i.e., threads 
per inch/\/cotton count, Peirce [3] stated: “The 
cover factor thus indicates the degree of closing or 
cover, the proportion of the area which is covered by 
the projection of the threads.” 

Later [4] Peirce defined the absolute ratio of 
cover as d/p, where d is thread diameter and / is 
average thread spacing. 

It seems probable that Peirce’s original definition, 
whereby the cover of a sheet of threads touching each 
other is 28, was proposed in order that a simple 
index of cover might be immediately calculable by 
people in the trade from common cloth particulars. 
So long as cotton only was involved, with yarns of 


roughly similar specific volumes, the system worked 
But 
now that yarns having different degrees of packing 


well, and represented an important advance. 


made from fibers with various densities are fitted to 
the same system, all manner of arithmetical contor- 
tions have to be performed. 

Would it not be simpler to return to Peirce’s 
definition and call d/p an absolute cover factor, 
quoted as a percentage, to be used for all yarns, and 
enabling comparisons to be made in a more straight- 
forward manner? Indeed, Dickson does this when 
he refers to a “relative cover” of 50%. This would 
seem more logical than attempting to hold all cover 
factors to a figure of 28 for full cover, an empirical 
value which, though historically important in the 
development of the idea of a cover factor, is an 


anachronism today. 
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To the Editor 
TEXTILE RESEARCH JOURNAL 


Dear Sir: 


It may be pointed out that the conditions upon 
which Peirce based his geometric assumptions were 
found to be most accurately fulfilled by cotton yarns, 
especially with regard to the weavability of these 
yarns. This being so, it became evident that the 
graphs defining the theoretical limits of weavability 
would be most useful to the practicing cloth designer 
as an accurate guide to the design of cotton fabrics 
and would be most convenient when expressed in 
terms which he can easily use and understand. Cover 
factors provide for such convenience. 

For those who work with fibers other than cotton 
and find the arithmetical conversion to the cotton 
system cumbersome, it is suggested that they label 
the appropriate reference points in the graphs with 
cover factor values given for their particular fibers. 
Or, these reference points may be quoted as cover in 
per cent. Thus, a cover factor of 28 for cotton be- 
comes 2160 for filamentous nylon, or 100% cover for 


either. Other cover factor values are directly pro- 
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portional. Thus a cover factor of 14 for cotton 
becomes 1080 for nylon and designates 50% cover. 

Maximum cover factor values of various yarns 
are given in the legend of the weavability graphs. 
These values, calculated from fiber densities and 
estimated packing densities, may be used to provide 
suitable comparisons between the various yarns as 
to cover. However, the presentation of these values 
does not indicate that the practical limits of weav- 
ability for these yarns are the same as those for 
cotton. Less flexible yarns would resist compaction 
into the fabric structure to a greater degree than 
that defined by theory. To those using a yarn other 
than cotton the value of the graphs lies primarily in 
the definition of its weavability, compared not only 
to that of cotton or similar structures, but at the same 
time to the theoretical maximum. This definition, 
it is believed, would be important to permeability 
studies. 

With further reference to permeability studies the 
cover of a cloth should be considered. Cloth cover 
(C) is best expressed as a percentage and is defined : 


C=1- [ ‘= — phe — Ba] xX 100 (%) 





in which K,, is the maximum cover factor. 


Louts Love 
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INDUSTRIAL SECTION 


The Measurement of the Drag of Cotton Fibers’ 


H. A. Mereness’ 


Abstract 


The drag of cotton fibers has been determined in card-sliver form, using the card- 
sliver stress-envelope method, and as a sliver made by hand carding using the hand- 


sliver IP method. 


In general, for the 12 cottons studied, there was a significant correlation between 
fiber drag data obtained using both methods and skein-strength data obtained from 
yarns made from these cottons. There were, however, a few notable exceptions. 

Fiber drag data was found to correlate poorly with interfiber friction data obtained 


using the Hood Tester, a dynamic method. 


The procedures used for evaluating the various cotton fiber drag methods are de- 


scribed in detail. 


Introduction 


It has long been recognized that the data obtained 
from conventional tests for fiber length, strength, and 
fineness are insufficient for predicting the spinnability 
of a sample of cotton. Other variables seem to be 
quite important in determining the behavior of cotton 
during mill processing [9]. 

Consideration of other possible variables suggests 
that drag or frictional resistance to drafting of the 
fibers may play an important role in the performance 
of cotton in the mills. Several methods for measur- 
ing drag [1, 4, 5] have been proposed, but it is be- 
lieved that there has not been a systematic evaluation 
and comparison of different measuring methods. 

This report is the result of studies made under the 
supervision of the Department of Agriculture and 
paid for by funds made available by the Research 
and Marketing Act of 1946. The purpose was to 
evaluate three or more different methods of measur- 
ing the drag of cotton fibers. 


Experimental 


For several years the Institute has been actively 
interested in developing a single test that would pre- 


1A report of work done under contract with the U. S. 
Department of Agriculture, and authorized by the Research 
and Marketing Act of 1946. The contract was supervised 
by the Southern Regional Research Laboratory, Southern 
Utilization Research Branch, Agricultural Research Service. 

2 Institute of Textile Technology, Charlottesville, Virginia. 


dict the spinnability of cotton. Two different tests 
investigated in the present work were: (1) single- 
fiber friction measurements by the Hood Tester [3] ; 


and (2) sliver drag by two different methods. 
Single-Fiber Friction Measurement 

The friction results on 6 of the 12 cottons studied 
in this report, using the Hood Tester and 0.2 g 
weight on each fiber, are shown in Table I. The 
turns of twist needed to stop fiber slippage varied 
from 9.6 turns to 14.4 turns. These results showed 
no correlation with the drag results, the best value of 
r being only 0.41, where an r value of 0.75 is neces- 
sary to show significance. Since the present study 
was essentially restricted to the drag of cotton fibers, 
the interfiber friction was not further investigated. 


Sliver Drag Measurements 


Methods Investigated 


Sliver drag measurements may generally be con- 
sidered under two main heads, depending upon 
whether the sliver tested was made by hand or on 
a cotton card. Each of these has two modifications, 
depending upon whether the sliver is broken on a 
conventional tensile testing machine, or whether in 
making the test a record is made of the stress-time 
curve throughout the complete break. These varia- 


tions give the following four test methods : 
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Fig. 1. 


Typical record from stress-envelope test. 


(a) The hand-sliver test in which a hand sliver is 
broken on a conventional pendulum or IP type of 
tester, the maximum stress only being indicated. 

(b) The hand-sliver test in which a hand sliver 
is slowly pulled apart on an IP type of machine while 
a continuous record is made of the stress. 

(c) The card-sliver IP test in which a sliver made 
on a cotton card is broken on an IP or pendulum 
type tester. 

(d) The card-sliver stress-envelope test in which 
a card sliver is tested as under (b) above.. 

The tester used for methods (b) and (d) has been 
called in this report the “ 
want of a better name. 

The equipment used for running the stress-envelope 
test was assembled as a modification of the IP 4 
tester. 


stress-envelope”’ tester, for 
’ 


The device consists of an electronic dyna- 
mometer, or load measuring element, carrying a jaw 
for holding one end of the sliver to be tested, and 
supported on a frame above the crosshead of the IP 4 
machine. The other jaw is fastened to the crosshead 
of the IP 4 tester. This assembly, therefore, makes 
a constant-rate-of-strain testing device in which load 
is measured and recorded by electronic means. A 
sample record is shown in Figure 1. 

In reporting results produced by this tester, the 
area under the stress-strain curve is planimetered, 
divided by the sliver weight in grams per foot, giving 
thus a measure of “work done.” 

For the hand-sliver IP tests using the conventional 
IP tester, the drag results are calculated as pounds 
divided by the sliver weight in grams. 


Materials Used for Experiments 


The samples of cotton used in these experiments 
were selected from the 1946, 1947, and 1949 U. S. 
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Dept. of Agriculture annual varietal and environ- 
mental studies of fiber and spinning properties of 
cottons. The first 6 cottons, called Series B, were 
from the 1946 and 1947 crops, while the second series 
of 6, called Series C, were from the 1949 crops. 
Physical test data on these cottons and on the yarns 
spun from them were also obtained from these 
studies. 

The cottons were chosen to obtain the greatest 
possible spread or difference in physical character- 
istics. The test data on these cottons are shown 
in Table I. 


Variables in the Hand-Sliver and Card-Sliver 
Drag Tests 


The technique used in hand carding greatly influ- 
ences the drag results. The variability from sliver 
to sliver made by one individual at one time is con- 
siderable. Actually there are in a single 2-g sliver 
sample of cotton about 500,000 fibers. It is incon- 
ceivable that these fibers, from sliver to sliver, differ 
in any substantial degree as aggregates. However, 
variations in drag as great as 30% are sometimes 
found for succeeding slivers. These variations can 
only be explained on the basis of the human element 
involved in making the slivers. 

The slivers made on a card should not vary in 
drag as much as the hand-carded slivers by virtue of 
the larger samples used (more than 100 g) and the 
mechanical nature of the card’s action. However, 
other factors must enter in to offset this advantage 
because it was found that after an operator had 
made from 30 to 60 slivers by the hand card the 
variability in the hand-carded specimens was little 
greater than for the machine-carded slivers. 


Test Method Variables 


The first variable investigated in the card-sliver 
IP drag test was the effect of gage length on drag. 
Strengths were comparatively high for the 1-in. and 
2-in. gage lengths, but for gage lengths of 4 in. or 
longer the sliver strength was nearly constant. As 
a result a gage length of 4 in. was chosen as stand- 
ard (Figure 2). 

Tests on the IP tester for determining the effect 
of changes in the rates of loading on the drag 
strengths were run by the card-sliver IP method at 
two speeds, producing loading rates of 2.07 and 3.43 
Ib/min. 


Since the results at the two speeds were 
quite similar, the slower speed of 2.07 lb/min was 
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Fig. 2. Relation of sliver drag to sample gage length. 


chosen as standard, this being more in line with the 
speed used in the card-sliver stress-envelope test. 
In the latter test, in order to obtain an area under 
the curve suitable for planimetering, and since the 
speed of the recorder was fixed, it was necessary to 
adjust the rate of elongation of the specimen to the 
conditions imposed. The rate used corresponded to 
an elongation of 8 in./min. 

Tests were also run to determine the effect which 
variations in the sliver weight had on the drag re- 
sults. This experiment applied only to the card- 
sliver stress-envelope test, since in the case of the 
hand-sliver test the weight of the shiver per unit 
length was fixed. It was found that the drag values 
of the sliver decreased for slivers weighing over 
1.75 g/ft. For weights less than 1.25 g/ft, the sliver 
was too frail to allow easy handling. Therefore, 
weights of 1.25 to 1.75 g/ft were used whenever 
possible. 


Operator Variables 


The hand-sliver method was investigated under 
five headings: (4) Drag as determined by a single 
operator, general; (B) drag as determined by a 
single operator from written instructions alone; (C) 
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drag as determined under (B) at a second labora- 
tory; (D) week-to-week variations in drag results 
on a single cotton; (£) ranking of series B cotton 
by different operators. 

The method used is found in the section on Stand- 
ard Hand-Sliver Method below; the results of the 
experiments follow here. 

Experiment A, to determine the level which could 
be reached by a single operator in measuring the 
drag of cotton by the hand-sliver IP 4 method using 
both verbal and written instructions. 

It was found that about 30 tests had to be made 
before the operator’s results attained a satisfactory 
level. 

Experiment B, to determine the level which could 
be reached by a single operator in measuring the 
drag of cotton by the hand-sliver IP 4 method using 
written instructions only. 

A competent but inexperienced laboratorian was 
given the written instructions and photographs de- 
scribing the hand-sliver method, and with no oral 
instructions was asked to make the test hand slivers 
from cotton B-8 until she felt that she could do no 
better. The results of her tests showed that at least 
30 slivers had to be tested before the results became 
consistent. 

Experiment C, to determine the level which a 
single operator at a second laboratory could reach 
using the hand-sliver IP 4 method, using written 
instructions and photographs only. 

Cotton from sample B-8 was sent to a distant 
laboratory with instructions and photographs, in- 
cluding a hand card used at the Institute. The lab- 
oratory was asked to make sufficient hand slivers so 
that the results reached a constant level. 

A single operator at the laboratory made 40 tests 
over a period of 4 days. The results were quite 
consistent but low compared with any of the other 
series of tests carried out by the Institute. 

Experiment D, to determine the variation over a 
period of time in the drag of one cotton tested by 
hand-sliver IP 4 method by one operator. 

In 9 series of 10 tests each spread over a period 
of 3 months the drag results varied from 0.26 to 
0.33 units. 

Experiment E, ranking of series B of cottons by 
different operators. 

When the results from four operators, three at the 
Institute and one at a distant laboratory, were com- 
pared, it was found that on a single cotton the high- 
est 10-sample averages varied from 0.25 drag units 
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TABLE II. Drag by Hand-Sliver IP 4 Test on 


6 Samples of Cotton 


Mrs. T. Mrs. T. 
March 1950 May 1950 


Operator Mrs. C. 


July 1950 


0.27 
0.27 
0.25 
0.24 
0.24 
0.21 


0.30 
0.29 
0.27 
0.25 
0.26 
0.21 


0.25 
0.25 
0.22 
0.21 
0.21 
0.17 


Correlation Coefficient, Drag vs. Skein Strengths 
= 0.94 0.94 


to 0.33 drag units. However, the value of 0.33 was 
obtained by a specially trained operator, while the 
other values were obtained by what might be called 
“incidental operators.” 

If it is assumed that the hand-sliver IP 4 test 
would generally be performed by “incidental” opera- 
tors, rather than by specially trained operators, the 
results of the experiments may be compared as fol- 
lows: Miss M. at 0.27; Mrs. C. at 0.29; Mr. T. at 
0.25. The maximum variation here is 0.04 drag 
units or 0.04/0.29 = 13.8% maximum variation. 
Considering that a series of 6 cottons, series B, for 
instance, will vary from 0.25 to 0.29 drag units ; this 
variation of 0.04 drag units represents 50% of the 
total difference. On this basis alone it cannot be 
said that the hand-sliver IP test is acceptable as a 
quantitative measure of drag. 

However, the above does not preclude the drag 
test from being a useful test. In the first place, the 
drag results by the hand-sliver IP 4 method correlate 
well with the skein strengths ; and in the second place 
the data available from this test indicate that, gen- 
erally, operators will place the different cottons in 
approximately the same ranking order. 
illustrated by the data given in Table II. 

Therefore, while the test may not be entirely re- 
liable quantitatively, it successfully ranks different 
cottons in order of their relative drag factors. 

The same may be said of the stress-enevelope test 
on card sliver, as shown by the ITT and Southern 
Regional Research Laboratory results on 4 cottons 
(Table IIT). 


This is 


Standard Hand-Sliver Method of 
Determining Drag 


From the results of the experiments reported above 
and the drag method described by Moore [5], a 





sao 


Fig. 3. 


Sketch of hand card. 


standard method was developed, a description of 
which follows. 


Preparation of the Cards 


Each of the two cards is made by fastening card 
clothing on one end of a piece of smooth wood 
14 x 13%, x \ in. 
tained in strips of various widths and cut to the 


The card clothing may be ob- 
desired size for making the cards. The clothing is 
made from material similar to canvas belting, filled 
with parallel rows of short wire bristles and made to 
various specifications. The bristles are set at a slight 
angle. A piece of card clothing is cut to 654 K 1% 
in., and rows of bristles removed on each side to give 
a carding surface 1 in. wide. Bristles are also re- 
moved from the ends of the clothing in order to leave 
a space of %, in. at each end for fastening to the 


wood handles. The carding surface of each card is 
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thus 6 X 1 in. made up of 14 in. wire bristles, 18 
rows per inch lengthwise and 24 rows per inch 
widthwise. 

The prepared pieces of card clothing are mounted 
on the strips of wood, as shown in Figure 3. Small 
nails or rivets may be used for this purpose. Suf- 
ficient nails are used to hold the clothing in place at 
the ends only. The clothing must be flexible, since 
a considerable number of cotton fibers will be broken 
if the clothing is attached rigidly to the handles. 


Method of Preparing the Sliver 


The cotton is picked over and cleaned; trash and 
lumps are removed. Two grams of cotton, divided 
into two portions of | g each, are used for each hand 
sliver. One card is placed in the left hand with the 
comb part toward the operator, bristles pointing 
away from the operator. Approximately 4 g of 
cotton is lightly placed at the upper base end of the 
card. The second card, with bristles pointing to- 
wards the operator and held in the right hand, is 
drawn through the left-hand card, the rows of bristles 
and bases of the cards being kept as nearly parallel 
as possible. The stroke is begun with the base of 
the right-hand card at the base of the left-hand card 
(where the cotton has been placed) and one card is 
lightly drawn through the other to tips of card at 
finish of stroke. The two cards should slide through 
each other without being forced. If it is found diffi- 
cult to draw the cards through each other, this is 
evidence that the rows of bristles of one card are not 
fitting into the open rows of the second card, which 
is essential to proper carding. 

This operation is repeated until the cotton has 
been transferred to the cards. Usually from one to 
three strokes are needed. If small amounts of cotton 
remain on the edges of the cards after one or two 
strokes this cotton is removed and added to what re- 
mains, rather than adding it to the card and carding 
it at once. Care should be taken that the cotton is 
not overcarded and that when the cards are drawn 
through each other the rows of bristles are kept 
parallel. 


The same method is used to absorb the remaining’ 


% g of cotton, using as mentioned about 14 g of 
cotton at a time. Then the cards are reversed, that 
is, the left-hand card is put in the right hand and the 
right-hand card in the left hand and the procedure 
continues as from the beginning, using the second 
gram of cotton. 
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When all the cotton has been transferred to the 
cards, it should be lightly and firmly lifted from each 
card, starting at the tip end and taking the sliver 
between the index finger and the middle finger, pull- 
ing the cotton off carefully. After stripping the 
finished sliver from the cards only a small amount 
of cotton should remain on the cards (not to exceed 
0.05 g on both cards). 

The two strips of cotton are then placed with the 
tip ends together, making a single sliver for testing. 
The finished sliver should be fluffy, but compact and 
uniform in length, breadth, and thickness. Each 2-g 
sliver should measure approximately 2 in. wide by 
6 in. long by 1% in. thick. 


Method of Testing 


The slivers are pulled apart on an IP 4 or IP 2 
tester. Special wide flat jaws may be used, or the 
slivers may be tied at each end with strings and the 
strings placed in the jaws of the tester. A gage 
length of 4 in. between the strings or jaws is used. 
The 1-lb carriage is used on the IP 4 machine and 
the 500-g carriage on the IP 2 machine. The rate 
of loading was 29 sec for 1 lb or its equivalent in 
grams. If the slivers do not part approximately half 
way between the jaws, this is evidence of nonuni- 
formity of the slivers and the conditions should be 
corrected. The drag is reported in terms of: 


aii we Breaking load (pounds) 
"a8 ~ “Sliver weight (grams) 





Results will be in the order of 0.18 to 0.30 Ib/g. If 
the tests are done in series of 10, each the variation 
within the ten tests should not exceed 0.10 Ib/g. 
The averages from duplicate series of 10 tests should 
not vary more than 0.02 lb/g. 


Standard Card-Sliver Method of 
Measuring Drag 


As mentioned in the Introduction, while the drag 
of cotton in the card-sliver form may be measured 
both by breaking the sliver in a conventional tester 
and by considering the area under the stress-strain 
curve, called stress-envelope in this report, only the 
latter was fully investigated since it seemed to have 
obvious theoretical advantages, as already explained. 

Results from two experiments using the card-sliver 
stress-envelope method of test, with pertinent dis- 
cussion, follow. 


\ 
‘ 
' 
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TABLE III. Drag by the Stress-Envelope Test 


ITT Slivers SRRL Slivers 


1.39 
1.13 
1.05 


Sample Difference 


+0.55 
+0.56 
+0.48 
+0.48 


1.93 
1.69 
1.53 
1.38 





Drag on Card Slivers Made at Two Different Lab- 
oratories 


Four samples of series B cotton, No. B-8, B-7, 
B-4, and B-1, were sent to the Southern Regional 
Research Laboratory to be made into sliver on its 
card. The sliver was evidently made in a different 
manner from that made at the Institute. At the 
Institute the sample was fed to half the width of the 
card and, after two samples had been carded, one 
on each side of the card, the card was stripped. At 
the Southern Regional Research Laboratory the card 
was filled with cotton and the samples fed in one 
after another and doffed in the usual manner. Fur- 
thermore, at the Institute the sliver was doffed from 
the calendar roll directly onto the floor, while at the 
SRRL the sliver was run through the coiler on 
the card. 

On account of these differences in operating con- 
ditions the SRRL sliver was more compact than the 
Institute sliver and consequently had the higher drag 
value. The data from the two sets of tests are shown 
in Table ITI. 

Thus, although some of the SRRL slivers had a 
drag approximately 50% greater than those made at 
the Institute, the correlation between the two sets of 
results was practically 100%. 


Area under the Curve and Maximum Breaking Load 
as Measures of Card-Sliver Drag 


The drag of card sliver as measured by the stress- 
envelope test was considered from two view points : 
first, as measured by the area under the curve; and 
second, as measured by the height of the curve (i.e., 
indicating maximum stress). Had the correlations 
between the results obtained from the above two 
methods of calculating drag and the skein strengths 
been equally good, then the test could have been 
made more cheaply by using the maximum breaking 
load readings alone, thereby doing away with the 
planimeter readings. 

The individual results are given in the section im- 
mediately following, and the correlations with the 
skein strengths in Figure 4. As will be seen in the 


50s) 


SKEIN STRENGTH 
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Fig. 4. Graph of drag vs. skein strength. 


TABLE IV. Drag Results on 12 Samples of Cotton 


Reported 
Skein Drag Factors 
Strengths, —$—_—_—_—_— 
USDA Card-Sliver 
Average for Hand-Sliver Stress- 
22’s, 36’s, IP envelope 
Cotton and 50’s Method method 
Sample (Ib) (n = 30) (n = 30) 


119 0.29 2.16 
105 0.30 2.00 
100 0.29 2.07 
93 0.27 1.70 
90 0.29 1.91 
84 0.26 1.57 
79 0.27 1.83 
75 0.24 1.53 
66 0.25 1.66 
66 0.20 1.35 
57 0.21 1.35 
51 0.25 1.89 
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Correlation with skein strengths 


(See Figure 4) 
r= 0.80 0.76 


former place, while the area under the curve gave a 
correlation of 0.76, which is definitely significant for 
the 12 cottons tested, the maximum stress data, 
Table V, gave a correlation of only 0.34, which is 
definitely not significant. Therefore, it was con- 
cluded that the area under the curve was the better 
method of measuring drag when using the stress- 
envelope test. 


Comparison of Standard Hand-Sliver Method 
with the Standard Card-Sliver Method 
of Determining Drag 


The test data are compared by means of correla- 
tions with the skein strengths, test data from 30 
tests on each sample of cotton being given. For the 
12 cottons the correlations of the drag results with 
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the skein strengths are significant, both for the hand- 
sliver and the card-sliver stress-envelope data, r 
being equal to 0.80 in the first case and 0.76 in the 
second case, where r equal to 0.55 is considered 
significant. The specific data obtained are given in 
Table IV. 

The hand-sliver method has the advantage of not 
requiring an expensive machine, the cotton card, for 
preparing the test specimens. The equipment neces- 
sary for hand carding costs practically nothing. 
However, the hand-sliver method is expensive in 
time used for preparing the specimens and in the 
time necessary to learn the technique of carding. 
It is estimated that it takes at least 3 days to train 
a person to make hand slivers, after which an aver- 
age operator can make and test 4 slivers per hour. 
It may also take as much as a day’s time to get the 
“feel” of the test every time the test is interrupted 
and taken up again. 


Correlations of Drag Results with 
Skein Strengths 


Correlations of drag results obtained from 6 pos- 
sible combinations of hand-sliver and card-sliver tests 
with skein strengths were made on the 12 cottons 
studied (6 cottons only for two combinations) ; see 
Table V. 

There are only two significant correlations above, 
for the first and fifth test methods. 

From the standpoint of the correlations alone the 
general conclusions are: 

1. The data indicate little choice between the hand 
sliver and the card sliver as forms of test specimens 
for the drag test. 

2. If the maximum breaking load is used as a 
measure of drag, the stress-envelope data are no 
better than the IP 4 (IP 2) data. 

3. In the stress-envelope test, the area under the 
curve gives a better correlation than the maximum 
breaking load. 





TABLE V. Coefficients of Correlations Drag vs. 


Skein Strengths 
Kind of 
Samples Sliver Tester How Evaluated r 
B&C(i2) Hand IP4 Max. B. L.* 0.80 
B (6) Hand Stress-envelope Areaundercurve 0.66 
B (6) Hand Stress-envelope Max. B.L. 0.58 
B&C (12) Card IP 4 (IP 2) Max. B.L. 0.37 
B&C (12) Card  Stress-envelope Areaundercurve 0.76 
B&C (12) Card  Stress-envelope Max. B.L. 0.34 


* Breaking load. 
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PRESSLEY FIBER STRENGTH 
VS SLIVER DRAG 


PRESSLEY INDEX 


@ HAND SLIVER: r= 0.85 
OCARD SLIVER: r = 0.75 





0.20 022 0.28 0.88 0.26 3.30 Hond Shiver 1P4 
130 1,50 1,70 1.90 2.10 2.30 Card Sliver Stress-envelope 
DRAG 


Fig. 5. Graph of drag vs. Pressley strength. 


Correlation of Fiber with Other 
Fiber Characteristics 


Thus far in this report correlations of drag have 
been entirely made with skein strengths. However, 
it will be of interest to determine the correlations of 
the fiber drag with other fiber characteristics. For 
this purpose graphs were prepared of drag against 
other physical properties and r was determined math- 
ematically. The results follow: 


1. Fiber drag against upper half mean length. 
The correlations were poor. With hand-sliver drag, 
r = 0.50; with card-sliver drag, r = 0.22, neither of 
which is significant. 

2. Fiber drag against mean length. The correla- 
tion was poorer than for (1) above. 

3. Fiber drag against arealometer fineness. The 
correlations were poor, r = 0.32 for the card-sliver 
method, 0.46 for the hand-sliver method. 

4. Fiber drag against X-ray angle. The correla- 
tions were good, r = — 0.76 for the hand-sliver data ; 
— 0.83, for the card slivers. 

5. Fiber drag against Pressley strength. The cor- 
relations were good, r = 0.85 for hand slivers and 
0.75 for card slivers (see Figure 5). 


All the above correlation results are based on data 
from 12 cottons where any value of r equal to or 
greater than 0.55 is considered significant at a prob- 
ability level of 95%. 


Discussion of the Correlation Results 


It would be desirable to be able to correlate the 
drag data with other physical data, especially with 


mill spinning performance and weaving. However, 
8 
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such data were not available for the cottons used, so 
the skein strengths were used as the basis for the 
above correlation studies. 

In considering the correlation of fiber drag with 
skein strengths the question immediately arises, why 
and how should skein strength correlate with fiber 
drag, since in the one case the breaking strength of 
fibers is being determined, while in the second case, 
that of drag, fibers are not being broken but merely 
pulled apart? 

To explain the high positive correlation found be- 
tween fiber drag and skein strength it is necessary 
to postulate a good correlation between yarn strength 
and other fiber characteristics which might be ex- 
pected to influence fiber drag, i.e., fiber friction, fiber 
crimp, fiber length, fiber fineness, etc. 

Such a correlation has been made between fiber 
length, fiber strength, and fiber fineness for the 12 
cottons studied and for fiber friction for 6 of the 
cottons. The results follow : 

. 
0.68 
0.88 


0.11 
0.48 


Skein strength and fiber length, upper half mean 

Skein strength and fiber strength, Pressley index 

Skein strength and fiber fineness, Arealometer 

Skein strength and fiber friction, Hood tester 

While the above correlations are significant with 
respect to fiber length and strength, they are definitely 
not significant with respect to fiber fineness and fiber 
friction. 


Therefore, it seems probable that fiber drag is 
influenced by other properties which have not been 
determined, such as fiber crimp, fiber configuration 
(convolutions, cross-section shapes), etc. 


Conclusions 


1. Correlations between the drag results as meas- 
ured by the two standard methods considered in this 
report and the skein strengths of 12 selected cottons 
were significant for both the card-sliver stress- 
envelope method and the hand-sliver IP method and 
indicate that the two methods are equally useful in 
making comparisons. 

2. With reference to the standard hand-sliver IP 
method: (a) Operators within a laboratory may be 
expected to check drag results to within 0.02 units 
out of 0.29 units; (b) operators in one laboratory, 
using written instructions only, may be expected to 
check the drag results of operators in another labora- 
tory to within 0.04 units out of 0.28 units; (c) a 
single operator making 1 test a week for 9 weeks 
may be expected to check his results within 0.06 
units out of 0.29 units; (d) operators in different 
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laboratories may be expected to rank cottons almost 
invariably in the same order, if the differences in 
drag are significant. 

3. With reference to the standard card-sliver 
stress-envelope method: (a) Duplicate tests on card 
sliver made on succeeding days should not vary 
more than 2%; (b) card slivers made at different 
laboratories under different operating conditions may 
vary in drag as much as 50%, but the results will 
correlate almost 100%; (c) drag as measured by 
the maximum breaking load on the stress-envelope 
tester did not correlate as well with skein strengths 
as did the area under the curve. 

4. As far as the variation from sliver to sliver is 
concerned, there seemed little choice between the two 
principal methods of test. 

5. With reference to the cost of the equipment 
necessary to make the tests, the card-sliver test is 
impractical unless a carding machine is already avail- 
able. The cost of the IP 2 or IP 4 testers is not 
prohibitive, considering their general usefulness for 
other testing. However, apparatus necessary for 
making the stress-envelope test is not generally use- 
ful for other tests. 

6. As far as making the slivers is concerned, the 
card-sliver test meth«ds are cheaper in that sufficient 
sliver for many tests can be made within a few min- 
utes. The hand slivers are much more expensive to 
make, an operator making and testing about 4 per 
hour. 

7. The interfiber friction results obtained on 6 of 
the cotton samples gave no significant correlations 
with the fiber drag results. Therefore, it might be 
concluded that the fiber “form factors” i.e., shape of 
cross section, crimp, etc., have more bearing on the 
determination of drag than does interfiber friction 
alone. 
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Book Reviews 


Detergency Evaluation and Testing. Jay C. 
Harris, New York, Interscience Publishers, Inc., 
1954. 210 pages. Price, $3.75. 


Reviewed by Hillary Robinette, Jr., President, 
Robinette Research Laboratories, Inc., Ard- 


more, Pennsylvania 


This book, one of a series of manuals being pub- 
lished by Interscience Publishers, is as the title indi- 
cates a collection of evaluation methods useful for 
testing detergency. The author has had much prac- 
tical and theoretical experience in the field and is 
particularly qualified to assemble from the volumi- 
nous literature on this subject the useful information 
contained in this volume. 
and 


The book covers physical 
testing of detergent materials. 
Working descriptions of the test methods are given 
with all necessary detail. 

The book is well written, well documented, and 
remarkably free from error. 

Mr. Harris and the publishers have performed a 
service in assembling the collection of testing meth- 
ods, and it is felt that the volume will be found valu- 
able by all those interested in the manufacture, sale, 
and use of detergents. 


mechanical 


Deterioration of Materials. 

tion Techniques. Edited by Glenn A. Greathouse 

and Carl J. Wessel. New York, Reinhold Publish- 

ing Corp., Inc., 1954. xvii + 835 pages. 
$12.50 


Reviewed by Edward Abrams, Head, Textile 
Section, Southern Research Institute, Birming- 
ham, Alabama 


Causes and Preven- 


Price, 


This book, edited by two outstanding men in the 


field of deterioration of materials, has an impressive 


list of contributors. No detail has been left to 
chance. Each phase of deterioration is handled by 
an outstanding specialist in the particular field in 
question. 

The scope of this book goes far beyond a mere 
description of deterioration. The subtitle includes 
the word “causes.” To assess the causes of deteri- 


oration properly, the authors discuss the effect of 
climate and come to the conclusion that climate is 
the basis of all deterioration. 

Deterioration, as covered by this book, refers to a 
loss in the value of a material or to a decrease in the 
ability of a product to fulfill the function for which 
it was intended. Thus the agents of deterioration 
may be chemical, physical, or biological. Under the 
heading of Chemical and Physical Agents is dis- 
cussed the effect of sunlight on textiles, dyestuffs, 
The ef- 
fect of atmospheric oxygen and ozone on rubber, 
plastics, paints, metals, fuels, and lubricants is also 
discussed. 


plastics, elastomers, paints, and explosives. 


The effect of moisture on various materials is dis- 
cussed, and it is pointed out that not only are large 
amounts of water harmful to materials in various in- 
stances but also that lack of water can contribute to 
deterioration as in brittle paper, stiff leather, and 
the excessive dusting of graphite in commutators 
under very dry conditions. 

It is pointed out that the agents in nature which 
contribute to deterioration of materials in general 
also serve a useful purpose. For example, the radi- 
ant energy that weakens cotton fabrics is indispensa- 
ble to the production of more cotton. 

In the chapter on biological agents of deterioration 
is discussed the role played by microorganisms, in- 
The intro- 
duction to this chapter describes the development 
through necessity of “specialists” in the field of mi- 
crobiological deterioration of materials. The word 
“specialist” is peculiarly inappropriate in this in- 
stance because workers in this field require a knowl- 
edge of at least organic chemistry, physical chem- 
istry, textile technology, and microbiology. 

Part II of the book is concerned with the preser- 
vation of materials. 


sects, marine organisms, and rodents. 


Causes and methods of preven- 
tion of deterioration of metals, wood, paper, textiles, 
leather, plastics, rubber, and paints and related mate- 
rials are discussed at great length. Readers of Tex- 
TILE RESEARCH JOURNAL will be especially interested 
in the chapter on textiles and cordage. 

Part III is concerned with the preservation of 
assembled units such as electric and electronic equip- 
ment and optical and photographic equipment. 
Chapters on dehumidification of buildings and ships 
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and on packaging are included. The final chapter 
is on the toxicological evaluation of preservatives. 
Subjects covered in this chapter include: animal tests 
of toxicity, skin irritants and sensitizers, and patch 
tests. 

At the end of the book there is a very useful ap- 
pendix on government specifications. 

At the end of each chapter there is an extensive 
bibliography and a list of suggested readings. This 
book will be useful to the neophyte as well as to 
the seasoned campaigner in the field of material 
deterioration. 

The authors, who have already earned the thanks 
of workers in this field for their excellent Prevention 
of Deterioration Abstracts now deserve unstinted 
praise for this outstanding book. 


Byways in Handweaving. 
water. 
1954. 


Mary Meigo At- 
New York, The Macmillan Company, Inc., 
128 pages. Price, $8.50. 


Handweaving is 
growth in popularity. 


experiencing a tremendous 
In addition to its utilitarian 


value and as a hobby it has found use in occupa- 
tional therapy. Furthermore, it offers an exceptional 
opportunity for creative expression and as such it 


can be classed among the fine arts. 

Byways in Handweaving with its many examples 
of textile designs, including eight full-page illustra- 
tions in color, should prove helpful to all hand- 
weavers and should stimulate the creating of artistic 
designs in the modern trend. The book presup- 
poses some elementary knowledge of the mechanics 
of weaving. Instructions are given for an amazing 
variety of weaves—the card or tablet weaving used 
in prehistoric times in countries as far apart as 
Egypt and Iceland, Sweden and China; inkle weav- 
ing, an early way of making narrow bands; twined 
weaving, an ancient form used in the South Seas, 
Persia, and subarctic regions ; and two-way weaving, 
formerly confined to machine work only. Each 
weave is clearly diagrammed in loom drafts. A 
final chapter discusses the use of weaving in occu- 
pational therapy. 

The author studied art both in the United States 
and abroad. She was married to a mining engineer 
and accompanied him on his travels, which gave her 
an exceptional opportunity to study ancient crafts. 
As a result she became interested in textile designs 
and began a career which made her a pioneer in the 
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handweaving crafts and the teaching of them. Mrs. 
Atwater founded the Shuttle-Craft Guild and the 
Shuttle-Craft Guild Bulletin, the first magazine of 
its kind in the United States. This book is the re- 
sult of her research, and it brings together material 
that is unavailable in any other single book. 


The Modern Textile Dictionary. George E. 

Linton. New York, Boston, Toronto, Little Brown 

and Co., in association with Duell, Sloan, & Pearce, 
Inc., 1954. xxii+772 pages. Price, $12.50. 


Covering ail phases of the textile industry—raw 
materials, manufacturing processes (machine and 
chemical) ; apparel, fashion, and style—The Modern 
Textile Dictionary fills a long-felt need. Many of 
the 12,000 terms are described in much greater detail 
than would be expected in a dictionary, and, in this 
respect, Dr. Linton’s work is an encyclopedia of the 
textile industry. For example, the origin, construc- 
tion, methods of weaving, properties, and uses of 
many fabrics are treated at considerable length. 
Excellent illustrations of 80 standard fabrics are 
shown. 

Many sources of information have been consulted, 
and definitions authoritatively checked; and few, if 
any, important items appear to have been omitted. 
Needless to say, everyone in any way connected with 
the textile industry and its allied branches will find 
The Modern Textile Dictionary invaluable. Even 
the average consumer in these days of confusion 
caused by the ever-increasing number of new fibers 
and fabrics will find its use an aid to a better under- 
standing of textiles which are available on the mar- 
ket. The author is to be congratulated on having 
performed a real service for the industry. 


The Technology of Solvents and Plasticizers. 
Arthur K. Doolittle. New York, John Wiley & 
Sons, Inc., 1954. xv + 1056 pages... Price, $18.50. 


Reviewed by Robert J. Gander, Johnson & 
Johnson, New Brunswick, New Jersey 


This large book represents a commendable effort 
by the Carbide and Carbon Chemicals Company to 
combine in one volume a vast amount of information 
concerning the solvents and plasticizers commercially 
available in the United States. Most of the data 
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presented in the book have come from the Carbide 
and Carbon Chemicals Company laboratories, or 
those of the Bakelite Corporation, and technologists 
familiar with the numerous pieces of industrial litera- 
ture from these sources will recognize many of the 
graphs and tables. 

The meat of the book is found in four chapters, 
two (390 pages) devoted to solvents and two (265 
pages) to plasticizers. These 600-odd pages com- 
prise the most complete compilation of data on these 
important industrial materials that has been pub- 
lished. The author has chosen to present in hand- 
book style the principal facts concerning individual 
solvents and plasticizers. Name, empirical formula, 
structural formula, molecular weight, and physical 
properties are followed by a paragraph or two com- 
menting on the main uses, annual production vol- 
ume, toxicity, and other miscellaneous facts. Perti- 
nent tabular and graphical information then is 
given, such as specific gravity-temperature curves, 
solubility-temperature curves, and phase diagrams of 
multicomponent systems. In two other sections the 
solvents and plasticizers are considered in chemically 
similar groups rather than as individual compounds. 
These sections compare physical properties such as 
evaporation rates, vapor pressures, viscosities, azeo- 
trope formation, and physiological action. The sol- 
vents are classified as ketones, ethers and polyethers, 
ésters, ether-alcohols, alcohols, hydrocarbons, naval 
stores solvents, halogenated compounds, and nitro- 
hydrocarbons. Plasticizers are discussed under the 
following headings: esters, ethers, formals, sulfur- 
containing compounds, nitrogen-containing 
pounds, halogen-containing 
types, hydrocarbon types. 

Two chapters cover quite thoroughly the technol- 
ogy of nitrocellulose lacquers and vinyl resin coat- 
ings, written from the viewpoint of the effect of sol- 
vent on solution properties. Subsequent chapters 
deal in descriptive fashion with the use of solvents 
in other thermoplastic and thermosetting coatings, 
methods of applying coatings, solvents for textile 
fibers, and solvents for adhesives. These subjects 
are surveyed briefly and cover broad areas in rather 
superficial fashion. Of particular interest is an ex- 
cellent fifty-page chapter entitled “Solvent Recov- 
ery.” In this a brief outline is given of the princi- 
ples governing the different phase systems usable in 
recovering solvents. Solvent recovery equipment, 
with flow diagrams of solvent recovery plants, are 
then discussed. 


com- 


compounds, resinous 
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Some of the physical chemical aspects of solutions 
are included in rather lengthy chapters on “Viscosity 
of Liquids” and “Theory of Solvent Action.” The 
latter subject is approached in a provocative manner 
by presenting first a review of the modern thermo- 
dynamic theory of solutions and following it with a 
mechanistic picture of solvent action. By including 
this fundamental material in what is otherwise essen- 
tially a descriptive handbook, the author’s aim is to 
encourage industrial technologists to re-evaluate the 
usefulness of thermodynamic concepts in practical 
applications. 

The book is well indexed in the conventional way, 
and also contains a special index of trade marks and 
trade designations. Despite the multiplicity of tables 
and figures, the text is readable and uncrowded, and 
the format good. 

By compiling this mass of information so accessi- 
bly, the author has performed a real service to the 
host of technologists utilizing resins, plasticizers, and 
solvents in their daily work. The book unquestion- 
ably will find wide usage as a source book in indus- 
trial laboratories. It is hoped that other chemical 
manufacturers will follow the lead of the Carbide 
and Carbon Chemicals Company in making available 
similar collections of experimental data on applied 
science subjects. 


Vapor Pressure of Organic Compounds. 
Jordan. 


Earl T. 
New York, Interscience Publishers, Inc., 
1954. Price, $14.50. 


Reviewed by Hillary Robinette, Jr., President, 
Robinette Research Ard- 


266 pages. 


Laboratories, Inc., 


more, Pennsylvania 


This volume, a summary of vapor-pressure data 
relative to single organic compounds, compiles docu- 
ments and presents in both tabular and graphic form 
information on this very important physical prop- 
erty. The author states in his preface that he began 
collecting the material for publication in book form 
in 1946. He started the project of collecting vapor- 
pressure data for his own use in 1940. He acknowl- 
edges that he has used compilations and summaries 
published previously as a guide and check on the 
data presented in this volume. 

The compounds dealt with in this work are di- 
vided into ten chapters, the classification being based 
on the functional group of the compound. Each 
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chapter is divided into four parts: a master table 
summarizing the data and serving as an index to 
individual tables, plates, and references; detailed 
tables which give numerical values within narrow 
temperature ranges for compounds for which no 
equations have been worked out; a complete refer- 
ence list; and plates giving smooth curves of the re- 
ported data. The general index at the end of the 
book locates the compounds in the master table of 
each chapter. 

It is expected that this work will prove valuable 
to both industrial and academic workers. The in- 
formation contained in it supplements the compila- 
tion of Stull, published in 1947, and the Inter- 
national Critical Tables. 

The information contained in this volume is pain- 
stakingly done, ably presented, and arranged for easy 
reference. 


Wool Shrinkage and Its Prevention. R. \V. Mon- 
crieff. New York, Chemical Publishing Company, 
Inc., 1954. 576 pages. Price, $10.50. 


Reviewed by Milton Harris, Harris Research 
Laboratories, Washington, D. C. 


Although processes for shrink prevention of wool 
have been known for many years, the great demand 
for washable wool during World War II provided 
a big impetus for the development of improved proc- 


esses. As a result of such developments, consider- 
able amounts of both civilian and military fabrics are 
being successfully treated annually. Moreover, 
blends of wool with nonfelting fibers have made even 
more important the demand for washability so that 
there is throughout the textile industry an increasing 
interest in wool shrinkage and its prevention. All 
workers in the field will, therefore, welcome this first 
book which collects information on this subject pre- 
viously scattered throughout the journal and patent 
literature. 

Readers of Moncrieff’s other works will recognize 
his easy journalistic style, and his detailed reviews 
of the extensive literature in this field. The initial 
chapters on the chemistry and physics of wool, and 
on relaxation and felting shrinkage, are excellent 
introductions to the following discusions. All types 
of antifelting processes are considered, including nu- 
merous chlorination processes as well as processes 
based on other chemical and resin treatments. 
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Approximately 500 references are cited, and, be- 
cause of the large amount of effort required to as- 
semble these, it is not surprising there are few refer- 
ences mentioned which are more recent than 1950. 
As a consequence, specific processes based on older 
patents and papers are discussed in detail. However, 
some recent methods, especially those developed and 
commercially used in the United States today are 
not mentioned. In addition to the description of 
shrink-resistant processes and their chemistry, there 
are chapters devoted to the properties of shrink- 
resistant wool which will be of interest to all those 
concerned with the production of such fabrics. 
Woven throughout the book are also numerous the- 
ories which have been advanced throughout the years 
to explain the felting process. Indicative of its 
value as a general reference in this field, there are 
numerous tables and figures of data given along with 
the detailed discussions. 


Textile Quality Control Papers. Edited by D. S. 

Hamby. Published by Textile Division, American 

Society for Quality Control. Raleigh, N. C., School 

of Textiles, North Carolina State College, 1954. 
140 pages. Price, $4.00. 


Reviewed by William A. Newell, School of Tex- 
tiles, North Carolina State College, Raleigh, 
North Carolina 


Because of increasing interest in the textile indus- 
try in quality-control techniques and because of the 
sparsity of reference material on quality control spe- 
cifically related to textile manufacturing, the Textile 
Division, ASOC, has issued the first of a planned 
annual series of papers on applied textile quality 
control. 

The volume contains seventeen papers on textile 
quality control and a lengthy bibliography of refer- 
ences on the subject. The papers, presented at re- 
cent meetings of the Society, amply illustrated with 
charts and tables, deal with elementary and advanced 
aspects of statistical quality control, human aspects 
of quality, fiber-testing programs, quality from the 
consumer’s point of view, and quality in yarn and 
fabric production. 

The book is not a reference work on statistics, but 
rather a discussion of many aspects, both statistical 
and nonstatistical, of control of quality specifically 
in textile manufacturing. 
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